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ABSTRACT 
 
Oil palm is a dynamic economic crop that provides good income and is a 
source of dietary energy for the global population by palm oil.  However, oil palm 
has low resistance to basal stem rot (BSR) disease caused by Ganoderma 
boninense.  It is hypothesised that the process of cell wall lignification could serve 
as the first line of defence in oil palm. Lignification delays the infection progress of 
G. boninense.  This present study evaluated the underlying molecular and 
biochemical lignin biosynthesis events and the quantification and deposition 
patterns of lignin in oil palm upon G. boninense infection. 
In this study, an artificial in planta infection system was used to inoculate 
one month-old oil palm plantlets with G. boninense (GBLS strain) at three levels of 
treatments (control, T1; wounded, T2 and infected, T3).  Post-infection analyses 
were conducted at 2 day intervals for a period of 8 days. The analyses included the 
disease severity index (DSI) and physical properties of the plantlets (height, weight, 
stem diameter, root length and leaf chlorophyll content), the degree of G. 
boninense colonisation on plantlets stem tissues, total phenolic content and total 
amount of G. boninense DNA in planta.  The results showed a significant (P < 
0.001) reduction in the leaf chlorophyll content (from 32.59 to 12.61 SPAD) and 
severe deterioration of the internal stem tissues.  Escalation of DSI values (from 
5.56 to 70.37%), total phenolic contents (from 1.78 to 3.07 mg g-1) and the 
quantity of G. boninense DNA (from 4.04 to 757.15 mg g-1) in the infected (T3) 
plantlets on  8 day post-inoculation (DPI) were observed. These differences (P > 
0.05) were absent in control (T1) and wounded (T2) plantlets. 
Colorimetric enzyme assays and quantitative PCR amplifications (qPCR) 
were carried out to assess the enzyme activities and relative gene expressions of 
intermediate enzymes (phenylalanine ammonia lyase, PAL; cinnamate 4-
hydroxylase, C4H; caffeic acid O-methyltransferase, COMT; cinnamyl alcohol 
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dehydrogenase, CAD) for lignin biosynthesis in oil palm plantlets.  Enzyme activities 
of PAL, C4H and COMT were generally induced in infected plantlets, except for CAD 
which was reduced in all plantlets throughout the experiment.  Meanwhile, relative 
expression of EgPAL, EgCOMT and EgCAD were up-regulated in infected plantlets 
by 3 to 6 fold at 2 to 4 DPI as compared to the control plantlets, except for EgC4H 
which was initially down-regulated, but was induced later at 8 DPI with the highest 
change recorded of 13.22.  A biphasic transient induction pattern of lignin 
biosynthesis genes was observed in oil palm plantlets upon infection by G. 
boninense. 
The lignothioglycolic acid (LTGA) assay, histochemical staining with 
toluidine blue-O (TBO), Maúle reagent and phloroglucinol-HCl and gas 
chromatography (GC) equipped with a flame ionisation detector (FID) were used 
to estimate and detect the total lignin content, lignin deposition patterns and the 
composition of lignin derivatives such as syringaldehyde and vanillin, respectively.  
Results showed the infected plantlets scored the highest level of total lignin content 
at 93.63 TGA g-1 derivatives at 8 DPI.  Lignin was mainly deposited on the 
collenchyma and cuticle layers, as observed via staining with TBO and Maúle 
reagents, but red colouration from phloroglucinol-HCl, which stained for guaiacyl-
lignin was absent in all specimens.  Total amounts of syringaldehyde and vanillin 
increased in infected plantlets at 6 DPI, with higher increment of vanillin (353%) 
than syringaldehyde (59%) content.   
From this study, an early induction of lignification in oil palm was confirmed 
in response to the infection of G. boninense. This resulted in the accumulation and 
deposition of lignin compounds in the cell walls of oil palm.  An increase in lignin 
content of oil palm was believed to have enhanced its tolerance towards G. 
boninense infection and delayed the progression of BSR disease, which could be a 
temporary solution to the BSR problem in oil palm.  Further research for an effective 
cure or prevention is required.  
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CHAPTER 1 
INTRODUCTION 
 
Oil palm (Elaeis guineensis Jacq.) is an erect monoecious plant belonging to 
the family, Palmae.  It is a C3 photosynthesis, perennial and evergreen plant that 
is suitable to be cultivated in biodiversity rich equatorial land areas (Corley and 
Tinker, 2003).  Oil palm offers many employment opportunities in Malaysia and 
Indonesia, its oil is also an essential dietary source of energy for people in many 
developing countries.  Oil palm has an average economic life span of 25 to 30 years 
and is capable of producing fruits around the year.  However, health and yield 
production of oil palm was affected by basal stem rot (BSR) caused by Ganoderma 
boninense, where approximately 60% of oil palm plantation lands in Malaysia have 
been infected with this disease (Barcelos et al., 2015).  G. boninense causes lethal 
effects in oil palm by degrading the xylem and affecting the allocation of water and 
nutrients to other parts of the palm tree.  Infected palms tend to show symptoms 
including abnormal foliar development (Nusaibah et al., 2011) and sometimes 
mature basidiocarps of G. boninense can be found on the lower stems of an infected 
oil palm trunk (Najmie et al., 2011). 
Although the biology of G. boninense causing BSR diseases in oil palm has 
been documented, the knowledge of oil palm defence mechanisms towards this 
disease are still in their infancy.  When oil palm encounters G. boninense, defence 
mechanisms are initiated to inhibit or slow down the progression of the pathogen.  
As a white rot fungus, G. boninense preferentially degrades lignin components of 
oil palm that is predominantly made up of the syringyl unit (S-lignin), which is more 
susceptible to pathogen degradation as compared to the guaiacyl unit (G-lignin) 
(Rees et al., 2009).  Therefore, it is predicted that resistance of oil palm towards 
BSR could be enhanced by promoting the biosynthesis of lignin compounds, 
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especially the guaiacyl unit (Ho and Chai, 2015).  However, there have been limited 
studies on the innate immune responses in oil palm upon BSR infection, and there 
is a lack of information on the profile of oil palm lignin biosynthesis at the 
transcriptional level.  Hence, lignin biosynthesis in oil palm upon the pathogenesis 
of G. boninense was the main focus in this study since it potentially served as the 
first line of defence towards BSR diseases.  
 
1.1 SIGNIFICANCE OF STUDY 
Further understanding on the lignin biosynthesis pathway and roles of lignin 
as a defence mechanism in oil palm would be of key significance for the 
development of BSR resistant oil palm cultivars.  Potential modification of lignin 
structures through selective breeding to enhance the tolerance level in oil palm 
towards G. boninense attack could be achieved using the knowledge from this study.   
The current study provides the first report of the induction of oil palm lignin 
biosynthesis as an early defence response towards G. boninense infection in young 
plantlets of oil palm. 
 
1.2 HYPOTHESIS 
In this study, it was hypothesised that oil palm infected with G. boninense 
would display significant increase in disease symptoms within a short infection 
period of 8 days. There would be altered expressions and activities of genes and 
enzymes for lignin biosynthesis respectively, and with different patterns of lignin 
deposition and monolignol profiles during the early infection stages.  
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1.3 AIMS AND OBJECTIVES 
This project aimed to study the early defence responses in oil palm upon 
infection by G. boninense in planta.  It focused on the physiological, morphological, 
biochemical and molecular changes in lignin biosynthesis of oil palm over a short 
period of post-inoculation.  Generally, this project covered the objectives listed 
below in order to achieve the main goals of the study. 
1. To determine the physiological effects of G. boninense pathogenesis on oil palm 
plantlets through an artificial in planta infection system.   
2. To quantify the activity of candidate lignin biosynthesis enzymes in oil palm 
during the pathogenesis of G. boninense. 
3. To study the relative expression of candidate lignin biosynthesis genes in oil 
palm during the pathogenesis of G. boninense.  
4. To observe the distribution and deposition of lignin in oil palm during the 
pathogenesis of G. boninense. 
5. To quantify the total lignin content and characterise the lignin derivatives in oil 
palm during the pathogenesis of G. boninense. 
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CHAPTER 2 
LITERATURE REVIEW 
 
2.1 OIL PALM 
2.1.1 Economic and Nutritional Values 
Oil palm produces 3 to 8 times more oil as compared to any other temperate 
or tropical oil crops per hectare of land.  Land used for oil palm cultivation is 
considered profitable in tropical regions (Sayer et al., 2012).  From 1962 to 2009, 
production of palm oil has increased from 1.26 to 45.06 million tonnes per hectare 
worldwide, which is equivalent to 27.5% of the total production of 17 oils and fats, 
higher than other vegetable oils including soybean oil (Abdullah and Wahid, 2011).  
In 2012, a total of 56.2 million tonnes of palm oil were produced from 17.24 million 
hectares of cropland (Barcelos et al., 2015), and it is estimated the oil production 
could reach up to 240 million tonnes by 2050 (Corley, 2009).  In Malaysia, 
production and exportation of palm oil has increased by 4.7% and 19.8% 
respectively by the end of 2012 (Suhani, 2012).  Furthermore, palm oil was also 
esteemed as a vegetable oil with the lowest production expenditures in November 
2014 by the international commodities markets (Barcelos et al., 2015).   
 Generally, oil palms planted in Malaysia belong to the tenera (Sh/sh) cultivar, 
an intraspecies dura x pisifera (D X P) hybrid that originated from Africa (Corley 
and Tinker, 2003).  African oil palm can grow up to 15 to 18 meters tall in normal 
plantation areas.  It takes around 2 years for the development of first leaf primordia 
to the fully expanded phase.  Oil palm fruits are sessile drupes (Figure 2.1), which 
greatly vary in shape and size.  They grow in large bunches and start to mature 
after 5 to 6 months of pollination.  Pericarp of the fruits can be sectioned into the 
outer layer exocarp, fleshy mesocarp and endocarp (shell) that covers the seed 
and kernel (embryo and endosperm).  The kernel produces kernel palm oil and an 
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outer pulp (mesocarp) that comprises of 90% dry weight, produces the commercial 
crude palm oil (Corley and Tinker, 2003).   
  
Figure 2.1 Oil palm fruit (“Choosing the right saturates,” 2013). 
 
 According to Barcelos et al. (2015), up to 80% of palm oil is consumed by 
the food industries as a replacement for trans- fatty acids (FAs).  Meanwhile, 
another 20% of palm oil is used in oleochemical commerce which manufacture 
soaps, lubricants, detergents, bioplastics, solvents and biodiesel.  Crude palm oil 
produced from E. guineensis fruit mesocarp has an average of 44% palmitic acid, 
5% stearic acid and trace amounts of myristic acid (Sambanthamurthi et al., 2000).  
Substitution of common trans-FAs with palm oil in human diets has proven to have 
favourable effects for the control of coronary heart disease and cardiovascular 
disease risk markers (Fattore et al., 2014).  Previous studies also reported that 
consumption of palm oil does not raise blood cholesterol levels as compared to 
peanut, canola or olive oils (Wood et al., 1993b).  Besides, palm oil is rich in 
carotenoids (Tranbarger et al., 2011), vitamin A and E constituents (Kushairi et al., 
2004), tocotrienols (Wong and Radhakrishnan, 2012) and tocopherols, all of which 
have high antioxidant properties (Krinsky, 1993).   
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2.1.2 Common Associating Diseases  
Before World War II, oil palms were generally not reported as having 
diseases and disorders (Hartley, 1988).  As crop plantation areas have expanded, 
there have been serious outbreaks of oil palm diseases in different parts of the 
world.  According to Aderungboye (1977), oil palm plantations are often threatened 
by approximately 32 different types of diseases and disorders, with nine of them 
considered as major diseases, and they greatly affect the economic value of oil 
palm.  These major diseases are listed with their causing agents in the bracket: 
leaf freckle (Cercospora elaeidis), Ganoderma stem rot (Ganoderma spp.), vascular 
wilt (Fusarium oxysporum), Corticium leaf rot (Corticium solani), Armillaria trunk 
rot (Armillariella mellea), blast (Pythium splendens), Marasmius bunch rot 
(Marasmius palmivora), sudden wilt and spear rot (Aderungboye, 1977).  Besides 
this, oil palm is susceptible to several minor diseases, such as the crown disease 
which is usually non-fatal to the plant but shows symptoms on the leaves (Breure 
and Soebagjo, 1991), red ring disease (Rhadinaphelenchus cocophilus) (Luc et al., 
2005), dry basal rot (Ceratocystis paradoxa) and heart rot (Phytophthora 
palmivora) (Elliott and Uchida, 2004).  
Among all the diseases associated with oil palm, basal stem rot (BSR) 
disease caused by Ganoderma spp. is the major problem in South-East Asia.  The 
common agreement at present is that G. boninense is the main causal agent of 
BSR disease in oil palm of South-East Asia countries (Moncalvo, 2000); however, 
another two species, G. zonatum and G. miniatocinctum are also pathogenic to 
cause BSR in some oil palms (Idris et al., 2001).  G. boninense is considerably 
more aggressive than the other two species and is able to reduce oil palm yield by 
20 to 40% (Hisham, 1993) or even up to 46 to 67% in infected oil palm after 15 
years of planting (Singh, 1991).  In severely affected areas of the Far East 
continent, more than 50% of oil palm has been infected with Ganoderma spp.  
Meanwhile, approximately 60% of oil palm plantations in Malaysia have been 
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infected with this disease (Barcelos et al., 2015).  Initially, BSR disease was 
considered as a disease of old palms which had little effect on their economic value.  
However, this disease began to attack younger palms in the mid-1950s, especially 
in the regions that were previously planted with diseased oil palm or coconut 
(Turner, 1981).  According to Su’ud et al. (2007), Ganoderma spp. can cause lethal 
effects in oil palm by degrading the xylem and affecting the allocation of water and 
nutrients to other parts of the palm tree.  This statement was supported by Elliott 
and Uchida (2004), where the cross-section of lower regions of infected trunks 
were distinct in colour and the central tissues were softer as compared to the 
surrounding healthy tissue.  Infected palms usually stop producing healthy fruits 
and eventually die.  BSR disease is believed to be a major problem in oil palm 
cultivation because the loss in crop yield can reach up to 80% after continuous and 
repeated cycles of infection.  According to Mohammed et al. (2014), an average of 
3.7% deceased rate in palm trees is equivalent to the annual loss of approximately 
USD 570 million.   
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2.2 BASAL STEM ROT DISEASE (BSR) 
2.2.1 Ganoderma spp. 
The fungal kingdom encompasses an enormous diversity of eukaryotic 
organisms including moulds, yeasts and mushrooms (Deacon, 2006).  They differ 
from plants and animals due to the presence of chitin in their cell walls and due to 
their unique life cycle strategies.  Fungi are grouped into four phyla based on their 
specific structural characteristics of sexual cycle; these phyla are Chytridiomycota, 
Ascomycota, Zygomycota and Basidiomycota (Fischer and Kues, 2003).  
Basidiomycota is made up of 3 subphyla, 16 classes, 52 orders, 177 families, 1589 
genus and approximately 31515 described species, which represent 37% of the 
total described species of true fungi as stated by Kirk et al. (2008).  It is different 
from the other three phyla of the fungal kingdom, mainly due to a single feature 
known as the basidium bearing sexual spores (basidiospores) that are produced 
externally via meiosis on short stalks termed sterigmata (Deacon, 2006). Apart 
from the basidium, the hyphae of basidiomycetes also consist of a complex dolipore 
septum that maintains the rigidity of the hyphae and prevents the nuclei from 
moving between different hyphal compartments that could allow cell differentiation 
to occur (Markham, 1995).  Ganoderma spp. are basidiomycetes grouped in the 
Hymenomycetes sub-phylum under the Polyporales order and Ganodermataceae 
family (Cannon and Kirk, 2007).  Currently, there are approximately 250 taxonomic 
names of Ganoderma spp. reported worldwide, including G. applanatum, G. 
australe, G. boninense, G. cupreum, G. lobatum, G. lucidum, G. oerstedii, G. 
pfeifferi, G. platense, G. resinaceum, G. sinense, G. tornatum, G. tsugae and G. 
weberianum, just to name a few according to the alphabetical order (Roberts, 2004)  
Morphological features of Ganoderma spp. can be divided into two 
categories; macromorphology (fruiting bodies) and micromorphology (hyphal 
system and spores).  Fruiting bodies of Ganoderma spp. are usually bracket-shaped 
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(Figure 2.2) and their surface is coated by a layer of cocoa-brown spores (Schwarze 
et al., 2000).  Their colour alters between white to deep brown and is varied under 
different environmental conditions.  The fruiting bodies are normally thick, corky 
and lack the fleshy texture of edible mushrooms.  They consist of basidiocarps 
(multicellular structures that bear the hymenium), pileuses (cap like part of the 
fruiting body) and hymeniums (tissue on the bottom of the fruiting bodies that 
produces spores) (Seo and Kirk, 2000).  The colours of pileuses and hymeniums 
may range from deep red, light yellow to white.  Although, the sizes and colours of 
the basidiocarp vary between different specimens, their pore sizes remain similar.  
 
Figure 2.2 Ganoderma boninense (Halim, 2009). 
 
Like other fungi, Ganoderma spp. forms an extensive network of thread-like 
hyphae known as mycelium.  This system is usually trimetric and the generative 
hyphae are thin-walled, septate, branched and clamped (Cannon and Kirk, 2007).  
Basidiospores of Ganoderma spp. are brown, double-walled, ovoid or ellipsoid-
ovoid with a rounded base and always shorter at the tip; the surfaces of the spores 
are also dimpled (Adaskaveg and Gilbertson, 1988).  
Ganoderma is a type of white rot fungus (Paterson, 2007a) that decomposes 
plant cell wall components, including lignin, cellulose and related polysaccharides 
(Müller et al., 1988; Hatakka, 1994). This fungus causes BSR disease in 
palmaceous hosts, such as oil palm and coconut (Kandan et al., 2010), white rot 
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in forest trees and red rot in rubber (Hevea brasiliensis) (Nusaibah et al., 2011).  
Hence, Ganoderma is a plant pathogen because it has the ability to cause disease 
(pathogenic) in its hosts (Braun, 2008). Utomo and Niepold (2000) claimed that 
there was a total of six species of Ganoderma identified from infected oil palms in 
1967, namely G. boninense, G. chalceum, G. miniatocinctum, G. tornatum, G. 
xylonoid and G. zonatum.  Among these species, G. boninense, G. zonatum and G. 
miniatocinctum were found to be pathogenic to oil palm in Malaysia, whereas G. 
tornatum remained non-pathogenic (Idris et al., 2001).  
 
2.2.2 Mode of Action and Lignin Biodegradation 
Natural infection of G. boninense in oil palm can be caused by two different 
approaches, either via the root (primary route) or via basidiospores.  Root infection 
of BSR begins when oil palm roots are in contact with soil inocula or diseased plant 
debris that is left buried in the soil (Rees et al., 2009, 2012).  After the penetration 
of fungal mycelia into palm root surfaces, fungal hyphae are elongated to the inner 
and thin-wall cortex, and it colonises the lower stem region (bole tissues).  At this 
stage, reduction of starch grains in the cytoplasm of host cells at lower stem region 
is noticed (Rees et al., 2009). 
BSR infection in oil palm involves two steps of developmental shifts as 
described by Rees et al. (2009).  The first phase involves a biotrophic association 
at infected root cortex or basal stem where the intracellular layers of oil palm are 
colonised by G. boninense hyphae.  This phase of invasion mode will later change 
to an aggressive necrotropic association that involves extensive oil palm cell wall 
degradation.  The latter phase often features the formation of melanised mycelium 
within oil palm tissues and on external roots in the form of pseudo-sclerotia (Rees 
et al., 2009).  Melanisation of pseudo-sclerotia signifies an alternative source of 
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infection as this structure offers protection to G. boninense from host dehydration, 
defence and competition with other microorganisms (Moore et al., 2011).   
 Following different developmental phases of BSR infection in oil palm, G. 
boninense produces a wide range of cell wall degrading enzymes (CWDEs) to 
penetrate into the inner tissues of oil palm comprised of recalcitrant polymers, 
cellulose, suberin and lignin.  Examples of CWDEs are cellulases, pectinase, 
cutinases, proteases and ligninases.  Cellulases attack the cellulose and 
hemicellulose layers, meanwhile pectinases degrade the pectin composition of plant 
cell walls (Illman, 1991).  Based on the findings of Rees et al. (2009), CWDEs 
secreted by G. boninense also attack the distant areas from the site of infection on 
oil palm.  This suggests that plant cell wall degradation, especially those targeting 
on the lignin composition, can occur at a distant region, probably due to the 
production of reactive oxygen species and phenoxyl radicals during the oxidation 
of lignin (Kirk, 1987).  A detailed review on the biodegradation of lignin by white-
rot fungi, including Ganoderma spp. were discussed later in Section 2.2.2.1 and 
2.2.2.2.  
 Apart from root infection, it is presumed that G. boninense infects oil palm 
through sexual recombination and the dispersal of basidiospores (Pilotti, 2005).  
Basidiocarps of G. boninense produce basidiospores, which travel a long distance 
(Sanderson, 2005).  According to Rees et al. (2012), basidiospores gain entry 
through several potential sites of infection, including the wounds created by routine 
harvesting and pruning of the fronds.  These spores can be pulled up to a height of 
10 cm into the xylem as a result of negative tension.  As a result, the spores reside 
in xylem and are protected from solar radiation, dehydration and microbial 
competition (Cooper, 1981).  
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2.2.2.1 Lignin biodegradation by white-rot fungi 
 Lignin is difficult to be degraded naturally due to its complex bonding and 
ring structures.  Hence, the composition of lignin in plants is the rate-limiting step 
for fungal biodegradation, where the biodegradation process is believed to consume 
more energy than can be obtained from the nutrient utilisation from host plants 
(Paterson, 2007a).  Lignin protects the more vulnerable cellulose and hemicellulose 
in plant cell walls, which are presumed as the actual carbon and energy sources for 
the fungus (Have and Teunissen, 2001, Ali et al., 2004).  However, lignin is 
degradable by lignin-degrading enzymes produced by white-rot fungi.  White-rot 
fungi are the only known organisms that have the capability to completely break 
down lignin components of wood into carbon dioxide and water, leading to a 
characteristic white spongy clump (exposed white cellulose layer) (Have and 
Teunissen, 2001; Paterson, 2007a; Zhou et al., 2013).  According to Kirk (1987), 
lignin degraded through chemical reactions consisted of oxidised side chains and 
aliphatic residues as a result of oxidative cleavage of the aromatic rings.  
 In general, the cell wall structures of wood decomposed by white-rot fungi 
are severely deteriorated, with high percentage of losses in starch, cellulose, 
hemicellulose and lignin.  Based on the findings of Adaskaveg et al. (1991), phloem, 
parenchyma cells and starch grains were more easily to be degraded than xylem 
and fibre in date palm treated with white-rot fungi (Ganoderma colossum, G. 
zonatum, Phanerochaete chrysosporium, Scytinostroma galactinum and Trametes 
versicolor), selective degradation of lignin was also observed in fibres next to the 
vascular tissue in date palm.  Meanwhile, in birch wood decayed by Ganoderma 
tsugae and G. applanatum, the tracheid and fibre cell walls had no middle lamella 
and the cells were loosely attached (Eriksson et al., 2012). 
 White-rot fungi employed nonspecific ligninolytic enzymatic systems 
consisting of laccases and peroxidases to degrade lignin under the presence of free 
radicals through oxidative process (Paterson, 2007a).  Four major groups of 
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ligninolytic enzymes are laccase, lignin peroxidase (LiP), manganese peroxidase 
(MnP) (Silva et al., 2005) and versatile peroxidase (Paterson, 2007a).  These 
enzymes exhibit different characteristics depending on the culture conditions, 
fungal strains and species.  For instance, MnP and laccase are found in a wider 
range of white rot fungi as compared to LiP (Saparrat et al., 2002).  In addition, 
several auxiliary enzymes are also existed to enhance the reactions of major 
ligninolytic enzymes, such as H2O2-generating enzymes (Deacon, 2006), glyoxal 
oxidase, aryl alcohol oxidase, quinone/cellobiose oxidoreductase and pyranose 2-
oxidase (Wong, 2009).  During aerobic conditions, H2O2 activates catalase and 
induces the production of highly active free radical intermediates, H2O2 also 
catalyses the oxidation of enzyme substrate with free radicals formed by the chain 
reactions of lignin degradation (Zhou et al., 2012).  
    
2.2.2.2 Roles of ligninolytic enzymes in lignin biodegradation – Laccase, 
manganese peroxidase (MnP) and lignin peroxidase (LiP) 
Laccases are multi-copper polyphenol oxidases that oxidise aromatic amines 
and phenolic compounds using oxygen as electron acceptor.  The typical laccase 
(p-diphenol oxidase) is a 60 to 80 kDa molecule of which 15 to 20% is made up of 
carbohydrates (Perry et al., 1993).   Laccase belongs to a small group of enzymes 
known as the blue copper oxidases, which have been studied intensively due to 
their capability of reducing molecular oxygen to water (Thurston, 1994).  It is 
essential in lignin degradation as Ander and Eriksson (1976) demonstrated that in 
laccase-deficit mutants of Sporotrichum pulverulentum, a type of white rot fungus, 
the level of degraded lignin was substantially reduced.  Deacon (2006) explained 
that laccase is the major enzyme that starts the biodegradation of lignin 
compounds by catalysing the addition of a second hydroxyl group to the phenolic 
compounds through ortho fission.  Laccase also plays a major role in detoxifying 
phenol compounds and scavenging reactive species formed during lignin 
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degradation, before these compounds can enter the fungal hyphae to inhibit their 
growth (Thurston, 1994).  
Manganese peroxidase (MnP) is a type of lignin-modifying enzyme secreted 
by ligninolytic fungi into their microenvironment in the form of glycosylated heme 
protein and their molecular weights are between 40 to 50 kDa (Hofrichter, 2002).  
MnP is dependent on H2O2 and is regulated by manganese (II) ions (Mn2+) to oxidise 
aromatic dyes and mono-aromatic phenols.  In addition, it is regulated by heat 
shock at the gene transcription level (Alic et al., 1997).  Generally, MnP prefers to 
catalyse the manganese-dependent reaction to oxidise Mn2+ into highly reactive 
manganese (III) ions (Mn3+) (Hofrichter, 2002; Deacon, 2006).  Reactive Mn3+ ions 
are chelated after stabilising with oxalic acid, which are in turn functioned as 
diffusible redox-mediator.  This can lead to the formation of instable free radicals 
which tend to disintegrate spontaneously by attacking the phenolic lignin structure 
in plants (Hofrichter, 2002). 
According to Paterson (2007a), peroxidases are heme-containing enzymes 
depending on hydrogen peroxide; they contain iron (Fe) as group prosthetic 
(Santos et al., 2010).  Lignin peroxidase is a glycoprotein with a molecular mass 
of approximately 41kDa (Edwards et al., 1993).  LiP has high oxidation potential 
which is non-specific to its substrates; it can generate phenoxy radicals to oxidise 
most of the phenolic compounds.  It can also oxidise non-phenolic aromatic 
substrates such as phenylpropanoid units of lignin (Paterson, 2007a; Wong, 2009).  
LiP catalyses C-C bond cleavage in the propyl side chains of two dimeric model 
compounds of lignin, which is common in the degradation of lignin by fungus (Tien 
and Kirk, 1984).  It plays a key role in lignin degradation as it can attacks a wide-
range of linkages and catalyses the transfer of single oxygen molecule from H2O2 
to aromatic rings in a multistep reaction sequence (Deacon, 2006).  
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2.2.3 Symptoms of BSR Disease  
 BSR disease is considered lethal to oil palm because once infected, young 
palms can only survive for 6 to 24 months and adult palms will die after 2 to 3 
years or slightly longer after the first appearance of disease symptoms (Rees et al., 
2007).  Initial signs on a BSR infected oil palm are identical to those of drought 
conditions, where abnormal amounts of fully elongated but unexpanded spear 
leaves are found at the centre of the crown (Holliday, 1980).  This signifies the 
restricted water uptake in oil palm.  As BSR progresses in oil palm, infected palms 
tend to show symptoms associated with abnormal foliar development (Nusaibah et 
al., 2011).  According to Kurian and Peter (2007), young palms infected with BSR 
are usually retarded in growth and poor in foliar development.  Meanwhile, the 
canopies of infected old palms are pale green in colour with multiple unopened 
spears.  The lower leaves of infected oil palm will first collapse and droop vertically 
downwards (Figure 2.3A), followed by the detachment of younger leaves that start 
to change into yellowish colour and wilt from the tip region (Figure 2.3B) (Kurian 
and Peter, 2007).  
When the bottom part of the infected stem starts to turn black, gum may 
be exuded at this region due to extensive destruction of the xylem structure by G. 
boninense (Turner and Bull, 1969).  Internally, majority of the bole tissues begin 
to decay (Figure 2.3C) and appear as a yellow-colour; mycelium can be found 
spreading throughout the bole tissue (Figure 2.3D).  Besides this, Holliday (1980) 
described the roots of infected palms as friable and the cortex region becomes 
brown and decayed.  At this stage, oil palm roots are covered by a tough and 
melanised layer of G. boninense mycelium which leads to massive hyphal 
aggregation outside the roots (Rees et al., 2009).  As the disease develops, fruiting 
bodies of G. boninense (basidiocarps) will start to emerge as small and rounded 
white buttons but later evolve into bracket-shaped sporophores (Figure 2.3E).  This 
is done through a process known as fructification (Kurian and Peter, 2007).  Usually, 
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mature basidiocarps of G. boninense are found on the stem of fully infected oil palm 
trunks (Najmie et al., 2011).  Eventually, the trunk of an infected palm fractures 
at the basal region that causes the palm to collapse (Holliday, 1980) (Figure 2.3F). 
 
Figure 2.3 Progressive symptoms of BSR disease in oil palm. (A) Collapse of lower 
leaves in infected palm tree. (B) Yellowing of leaves and wilting from tip region of 
trunk. (C) Wood decay on the basal stem region of infected oil palm. (D) Cross-
section of oil palm root, arrow indicated hyphae infection to the basal bole region. 
(E) Emergence of G. boninense basidiocarp on the basal stem of infected oil palm. 
(F) Toppling of BSR infected oil palm (Cooper et al., 2011; “Ganoderma” 2012).  
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2.2.4 Current BSR Detection Methods 
After the appearance of disease symptoms, the presence of disease can be 
confirmed by a wide range of detection techniques, categorised into direct and 
indirect methods as described by Sankarana et al. (2010).  In the oil palm industry, 
two conventional detection approaches have been developed to identify the 
occurrence of BSR.  The first method is a colorimetric assay with the application of 
ethylenediaminetetracetic acid (EDTA) to identify the causal agent of BSR disease, 
Ganoderma in oil palm (Utomo and Niepold, 2000).  The second method is a drilling 
technique, where infected oil palm samples are collected by drilling into a diseased 
stem at about 5-10 cm height from the soil surface, followed by culturing the 
samples on Ganoderma semi-selective media (Utomo and Niepold, 2000). 
Unfortunately, these conventional methods are labour-intensive and time 
consuming.  
Polymerase chain reaction (PCR) has been used to amplify and detect 
specific DNA sequences of G. boninense.  For example, internal transcribed spacer 
(ITS) regions of Ganoderma ribosomal DNA (rDNA) have been discovered as a 
powerful marker for early detection of BSR diseases (Utomo and Niepold, 2000).  
Furthermore, several biochemical approaches have been used to characterise 
Ganoderma spp.  One of them is the isoenzyme analysis, such as pectinase 
zymograms that allows the production of band patterns to define the palm-
associated fungal isolates (Bridge et al., 2000).  Later, enzyme-linked 
immunosorbent assays (ELISA) (Karthikeyan et al., 2006) and dot immuno-binding 
assays (DIBA) (Rajendran et al., 2009) were introduced to enhance the accuracy 
of conventional detection methods for BSR disease.  In these methods, polyclonal 
antibodies linked to the crude Ganoderma mycelial proteins were developed to 
identify Ganoderma spp. serologically through indirect ELISA and DIBA.  However, 
these tests are non-species specific because the antibodies developed cross-react 
with other fungal species (Utomo and Niepold, 2000).   
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Recently, advancements in molecular techniques have allowed several 
interesting methods to be introduced for the detection of BSR disease.  For instance, 
a novel electrochemical DNA biosensor was invented by Dutse et al. (2012, 2013).  
This device consists of a G. boninense DNA probe immobilised on electrodes and a 
new ruthenium complex marker for the monitoring of the hybridisation of G. 
boninense DNA.  Nevertheless, preparation of raw sample materials for this 
detection method remains challenging (Hushiarian et al., 2013).  Since molecular 
detection approaches are complex and expensive, some non-molecular approaches 
have emerged to facilitate the detection of BSR disease in recent years.  Innovative 
techniques such as tomography (Su’ud et al., 2007), “E-nose” (Markom et al., 2009) 
and hyperspectral reflectral imagery (Shafri and Nasrulhapiza, 2009) are examples 
of alternative methods for BSR diagnostics.  Abdullah et al. (2012) have 
successfully identified volatile compounds from infected oil palms to serve as the 
biomarkers in specific Molecularly Imprinted Polymer (MIP) sensors, which have 
been constructed based on the previous study of using “E-nose”.  In addition, 
detection of ergosterol (component of fungi membrane) using high-performance 
liquid chromatography (HPLC) technique has allowed the identification of the 
quantity of G. boninense in infected oil palm (Mohd As’wad et al., 2011).   
In the near future, detection of BSR disease in oil palm could probably be 
undertaken in the field or at remote locations with the application of a nucleic acid-
based gene amplification method, termed as loop-mediated isothermal 
amplification (LAMP).  This assay was developed by Notomi et al. (2000) and was 
used for the direct detection of infectious disease, such as Babesia orientalis in 
water buffalo (He et al., 2009).  LAMP assays utilise four primers (inner and outer 
primers) to target on six different regions on the DNA strands, so they are highly 
specific to amplify remarkable amounts of DNA copies in a relatively short time (~ 
60 min) at a single temperature of 60 to 65°C.  DNA strands are amplified by 
strand-displacing DNA polymerases and result in amplicons of 200 to 300 bp in 
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length.  Recently, a battery-operated device which combines a fast DNA extraction 
step at ~ 2 min with the LAMP assay has been developed (Dickinson, 2015) to 
detect phytoplasma diseases in coconut plantations.  Hence, similar methods could 
be applied to detect BSR disease in oil palm at plantation sites, with minimal 
equipment and reagents or the risk of contamination of samples.  
  
2.2.5 Artificial Infection Techniques for the Study of Plant Pathogen 
Interaction 
Artificial inoculation techniques have been established to advance the 
understanding of plant-pathogen interactions, such as Fusarium oxysporum in 
watermelon (Zhou and Everts, 2004), Phytophthora lateralis in Chamaecyparis 
lawsoniana trees (Oh and Hansen, 2007) and G. boninense in coconut (Karthikeyan 
et al., 2007).  These studies have been carried out in the field or shade house on 
intact plant seedlings (in planta), where external abiotic and biotic stresses could 
affect the plant-pathogen interactions and disease developments.   
 Limitations in these in planta infection systems could be improved by 
conducting an artificial infection in sterile environment (in vitro).  In vitro system 
refers to studies in experimental biology that are carried out in an enclosed 
environment by using an organism that has been previously isolated from its 
natural environment, to allow a more simple yet comprehensive analysis (Alberts 
et al., 2002).  This system provides a controlled environment (effects of 
environmental factors exerted on the assay can be neglected), where one-to-one 
interaction between plant and compatible pathogens can be evaluated.  To date, 
however, there is still lack of an infection assay of oil palm undertaken under in 
vitro conditions.   
 Previous plant and fungal pathogen studies in model plants such as 
Arabidopsis, tobacco and rice have implemented different types of in vitro infection 
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assays to infect host plants with compatible fungal pathogens.  In Arabidopsis and 
tobacco plants, spore suspensions of Botrytis cinerea have been inoculated onto 
the leaves by injection using sterilised needle (Govrin and Levine, 2000; Stukkens 
et al., 2005).  In contrast, conidial suspension of rice blast fungus Magnaporthe 
grisea were inoculated onto the leaves of rice cultivars by spraying with an artist’s 
air brush (Foster et al., 2003).  After that, the plants were incubated in growth 
chamber or tissue culture room with controlled light intensity, humidity and 
temperature.  However, spores or conidial suspensions may not be suitable as the 
source of inoculum for G. boninense due to the nature of this fungal pathogen.  
Under normal circumstances, G. boninense produces spores after the formation of 
fruiting bodies on host plants, causing difficulty of isolating its spores on nutrient 
medium.  Besides, genetic variation in G. boninense varies greatly when spore 
cultures are used to artificially infect oil palm, as the heterothallic and tetrapollar 
mating system and the presence of multiple alleles at mating loci of G. boninense 
spores favours out-breeding of this fungus (Pilotti, 2005).  Hence, mycelium 
infection remains as a better option for artificial infection of oil palm by G. 
boninense.  
 In vitro infection assays using fungal mycelium culture were reported by 
Baumgartner et al. (2010), which focused on Armillaria root disease on Vitis 
vinefera.  In their study, mycelium plugs of Armillaria mellea were co-cultivated 
with grape rootstocks on MS agar-based medium in magenta boxes (Figure 2.4).  
Then, the plants were incubated in growth chamber with controlled light intensity, 
day light and temperature for up to 4 months before the nutrients in the agar 
medium became deficient.  Their study successfully developed an in vitro infection 
assay using fungal mycelium of A. mellea. This was a platform for the development 
of an artificial infection assay in oil palm by G. boninense with controlled 
environment.  
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Figure 2.4 (A) Inoculation of Armillaria mellea (arrows) in culture medium with 
grape rootstocks. (B) Non-inoculated culture (Baumgartner et al., 2010). 
 
2.2.5.1 Rubber-wood block inoculation system in oil palm for BSR disease 
Artificial infection of G. boninense has been carried out using rubber wood 
blocks (RWB) on healthy or injured roots (Lim et al., 1992; Sariah et al., 1994; 
Rees et al., 2007; Mohd Zainudin and Abdullah, 2008; Mohd As’wad et al., 2011; 
Alizadeh et al., 2011, Kok et al., 2013; Yeoh et al., 2013) and germinated seeds 
(Idris et al., 2006; Breton et al., 2006) of oil palm.  This method successfully proved 
the pathogenicity of G. boninense to fulfil Koch’s postulates.  RWB inoculations 
involve cultivation of G. boninense fungal mycelium on sterilised wood blocks that 
have been soaked in growth medium for a few weeks or months.  After that, 
resulting RWB inoculum is either tied to the root collars (Rees et al., 2007) or 
placed in contact with the primary roots of potted oil palm in polythene bags (Sariah 
et al., 1994; Mohd As’wad et al., 2011; Kok et al., 2013).  Idris et al. (2006) applied 
similar infection techniques using germinated seeds of oil palm by placing the RWB 
inoculum at 2.5 cm away from the seeds before planting them in polythene bags 
and growing in field conditions (Figure 2.5).   
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Figure 2.5 RWB techniques for the inoculation of G. boninense on oil palm 
germinated seeds. (A) RWB inoculum was prepared by inoculating RWB with G. 
boninense. (B) RWB inoculum was transferred into polythene bag containing 
unsterilised soil. (C) Oil palm germinated seeds were planted in polythene bag 
containing RWB inoculum (Idris et al., 2006).  
 
Although RWB inoculation technique has been widely accepted and is 
frequently used, it is considered time-consuming as it requires an initial step of 
inoculating sterilised RWB with desired fungal inoculum that can take one month.  
The first symptom development is usually manifested after several months post-
inoculation.  For instance, disease incidence is normally detected in infected oil 
palms approximately 6 to 9 months post-inoculation (Sariah et al., 1994; Idris et 
al., 2006), with the shortest period of 2 months reported by Kok et al. (2013).  This 
is considered undesirable as a number of inocula may dry out and die before the 
infection takes place (Baumgartner et al., 2010).   
In addition, RWB technique can be inaccurate and labour intensive because 
it is conducted in the field or shade house (Sariah et al., 1994; Idris et al., 2006; 
Rees et al., 2009; Kok et al., 2013), where external environmental factors and 
stresses are exerted on oil palms.  Furthermore, saprophytes could be present in 
the RWB even after several rounds of sterilisation, resulting in high levels of 
contamination when the RWB is used as the fungal inoculum (Chong et al., 2012).  
Disease symptoms manifested on treated oil palm due to G. boninense 
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pathogenesis are difficult to differentiate from those symptoms caused by other 
stress factors or contaminations.   
Recently, the concentration of ergosterol, which is the fungal cell membrane 
principal sterol unit, has been correlated with the increase in G. boninense biomass 
in infected oil palm (Mohd As’wad et al., 2011; Chong et al., 2012).  This compound 
provides quantitative measurement of infection by G. boninense, which is 
independent from disease symptoms on oil palm.  However, measurement of 
ergosterol can be non-specific as this compound is also detected in unrelated fungi, 
algae and protozoa (Chong et al., 2012).  Since the RWB infection system and the 
response variables gathered from this system may not be suitable and are 
insufficient to answer research questions about the infection biology and 
pathogenesis of G. boninense, or to understand the underlying defence mechanism 
in oil palm, there is a need to improve on the RWB infection system for oil palm 
BSR. 
 
2.2.6 Controls of BSR and Their Successes  
At present, there is a lack of effective control of BSR in the field due to 
inadequate knowledge on the events or changes that take place during the 
interaction between G. boninense and oil palm.  In fact, there are more than ten 
different techniques, with random levels of success that have been used to reduce 
disease occurrence.  Cultural practices such as digging channels around diseased 
palms in order to stop the spread of Ganoderma mycelium, painting Ganoderma 
basidiomata with carbolineum to avoid spore dispersal, as well as surgical 
treatment to remove the dead tissue and basidiocarps with a chisel were described 
by Turner (1968).  However, the effectiveness of these methods for the prevention 
of BSR disease in oil palm remains questionable, although there are moderate 
successes in some small plantations (Marshall et al, 2004; Cooper et al., 2011).   
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Soil modification methods have also been developed to clean up the soil in 
infected fields before planting new oil palm seedlings, such as soil mounding (Lim 
et al., 1994; Ariffin et al., 2000), ploughing, harrowing (Flood et al., 2000) and 
fallowing (Virdiana et al., 2010).  Nevertheless, none of these methods has been 
able to eliminate the presence of G. boninense completely.  In addition, removal of 
diseased palms is also a common practice in many oil palm plantations.  Infected 
palms are identified and removed by burning, poisoning, felling, quarantine, 
isolating or shredding to prevent contact with healthy palms (Turner, 1981; Singh, 
1990; Idris et al., 2004; Chung, 2011).  Unfortunately, the success of these 
techniques remains random and inconsistent.  A more successful method such as 
the isolation trench delayed BSR occurrence for up to 14 years (Hasan and Turner, 
1998; Chung, 2011).  This method works by isolating a diseased palm with a 2 x 2 
meter trench that subsequently stops the contact between healthy and diseased 
roots. 
 Fungicide treatments have also been applied to diseased palms to prolong 
their shelf-life, rather than to prevent the disease infection.  A number of fungicides 
have strong inhibitory activities towards Ganoderma growth; for examples, 
drazaxolone, triadimenol, cycloheximide, carboxin, biloxazol, methfuroxam, 
carbendazim, hexaconazole, triadimenol, benomyl and cyproconazole (Ariffin et al., 
2000).  These fungicides are recommended to be applied to the diseased palms 
through trunk injections or pressure injections to slow down the disease 
development.  Apart from fungicide treatments, some researchers have also 
reported the practice of using fertilisers to control BSR diseases (Singh, 1990; 
Chung, 2011).  Although experimental results have shown positive changes to the 
disease levels and increased plant yield after the application of some macro- and 
micro-nutrients such as K, N and P, it is still too early to conclude that fertilisers 
are absolutely effective to control BSR disease.  
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 In addition, biological control approaches by inoculation of various cultures 
of antagonistic microorganisms on wounded oil palms have been investigated for a 
few decades to combat the detrimental effects of BSR.  Ganoderma spp. have many 
natural enemies such as Bacillus spp., Pseudomonas fluorescens (Susanto et al., 
2005), Actinomycetes spp., Trichoderma spp. and Gliocladium virens (Soepena et 
al., 2000).  Among these antagonistic species, Trichoderma spp. have attracted 
the most attention due to their ability to control other pathogens (Dennis and 
Webster, 1971) and Ganoderma spp. (Soepena et al., 2000) successfully.  It has 
been stated that the production of fungal cell wall degrading enzymes such as 
chitinases and glucanases are elevated in oil palm with the presence of Trichoderma 
spp. due to a host-pathogen defence mechanism (Naher et al., 2011).  It has been 
suggested that T. koningii is one of the most powerful agents against Ganoderma 
based on the application of its conidia and chlamydospores as biofungicides, whilst 
other species such as T. viride, T. harzianum have also been effective in inhibiting 
the growth of Ganoderma spp. (Soepena et al., 2000).  Susanto et al. (2005) 
reported that in an oil palm plantation field treated with T. harzianum as a biological 
control agent resulted in significantly lower levels of BSR disease occurrence as 
compared to an untreated field.  Additionally, conidial suspensions of T. harzianum 
FA1132 were also effective to suppress the effect of BSR caused by G. boninense 
in young seedlings of oil palm (Izzati et al., 2008).  Moreover, some Gram-positive 
and Gram-negative endophytic bacteria have been shown to be useful candidates 
to assist their host plants against pathogens, through antibiotic activities or lysis 
process.  In BSR control studies, Serratia marcescens, Burkholderia cepacia and 
Pseudomonas aeroginosa have been introduced as potential candidates (Zaiton et 
al., 2006;  Bivi et al., 2010).  Endophytic bacteria such as Enterobacter and Bacillus 
spp. have also been tested for their inhibitory effect on G. boninense growth in oil 
palm seedlings (Suryanto et al., 2012). 
26 
 
 From a long term point of view, application of resistant planting materials 
may provide the greatest future for the control of BSR.  Many plantations and 
research centres are in the process of screening for potential resistant oil palm 
cultivars (Chung, 2011).  Ultimately, integrated management of oil palm 
plantations remains the most important and practical approach to reduce and 
control BSR diseases.  This could be done by improving the treatments and 
harvesting processes to minimise wounding effects on palms and by removing 
aging palms before they become extremely susceptible to G. boninense (Hushiarian 
et al., 2013). 
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2.3 INTEGRATED DEFENCE RESPONSES IN PLANT 
2.3.1 General Plant Defence Responses 
Plants, unlike animals, are immobile and cannot escape biotic and abiotic 
stresses. They lack mobile guard cells and somatic adaptive immune mechanisms 
that are generally present in animals (Jones and Dangl, 2006).  Plants encounter 
biotic stresses from pathogens including fungi, bacteria, nematodes and insects 
and this interferes with the production of plant photosynthates, while viruses utilise 
host resources for their own replication machinery (Dangl and Jones, 2001).  Hence, 
plants have developed sophisticated adaptive responses to overcome these 
invasions by relying on both active and innate immune (basal resistance) systems.  
Active defence mechanisms in plants provide a species-specific response and are 
generally localised in plants, initiating a process known as the hypersensitive 
response (HR) which involves programmed cell death (PCD) at the site of infection.  
This mechanism blocks further invasion of pathogens and limits the pathogens at 
the site of infection by abolishing nutrients supplied from the host (Freeman and 
Beattielowa, 2008).  On the other hand, innate immunities in plants use chemical 
weapons such as phytoalexins and defensins, and physical barriers such as 
hydroxyproline-rich cell wall proteins and lignin against diverse pathogen attack 
(Dixon and Harrison, 1994). 
Plant-pathogen interactions are one of the most complex phenomena in 
nature, where a wide range of pathogenic molecules can be interacting with host 
plants in many different ways (Schneider and Collmer, 2010).  Genetics of a host 
and its pathogen were first introduced as the gene-for-gene hypothesis (Flor, 1942).  
Plants recognised specific elicitors from pathogens such as cell wall fragments, 
hydrolytic enzymes, glycoproteins and polyunsaturated fatty acids, which are 
commonly regulated by avirulence genes (Avr gene).  These elicitors are detected 
and recognised by matching plant receptors that are controlled by resistance genes 
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(R gene) (Keen, 1990).  Pathogenic and non-pathogenic elicitors from microbes are 
termed as microbe-associated molecular patterns (MAMPs) or pathogen-associated 
molecular patterns (PAMPs) (Zipfel and Felix, 2005).  These patterns are recognised 
by host plants through the transmembrane pattern recognition receptors (PRRs), 
which in turn activate the primary defence responses in plants known as PAMP-
triggered immunity (PTI) (de Wit, 2007).  PTI leads to the production of 
phytoalexins and reactive oxygen species (ROS), accumulation of calloses, cell wall 
modifications and deposition of pathogenesis-related (PR) proteins (van Loon et al., 
2006; Ho and Tan, 2015).  Furthermore, disease-causing effector molecules from 
pathogens are detected by the host and this triggers the secondary defence 
systems, known as the effector-triggered immunity (ETI).  The presence of 
effectors is monitored by plant resistance proteins (RPs) encoded by R genes, which 
are comprised of nucleotide binding sites (NBs) and leucine rich repeat domains 
(LRRs) (Ho and Tan, 2015).  
 After the recognition of pathogens in host plants, the earliest induced events 
are changes in ion fluxes, alkanisation of extracellular spaces, activation of protein 
kinases, production of nitric oxides (NOs) and reactive oxygen intermediates (ROIs) 
(Dangl and Jones, 2001).  After that, a set of new transcripts is introduced to 
encode for additional signaling molecules such as protein kinases and transcription 
factors (Durrant et al., 2000) that are essential for the activation of defence genes.  
These defence genes play crucial roles in the biosynthesis of ethylene, jasmonic 
acid, salicylic acid, cell wall strengthening through lignification, production of 
antimicrobial compounds and induction of the HR mechanism (Scheel, 1998) for 
local resistance.  In addition, this set of events results in the establishment of 
systemic acquired resistances (SARs), which are controlled by interacting signaling 
pathways regulated by ethylene, jasmonic acid and salicylic acid (Delaney, 1997).  
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2.3.2 Structural Defence Barrier: Roles of the Plant Cell Wall 
Plant cell walls are vital features of all plants with numerous essential 
functions, such as to 1) provide definite shapes in different cell types to form tissues 
and organs, 2) allow intercellular communication to take place, 3) offer structural 
support and turgidity, as well as 4) defence against plant pathogens (Keegstra, 
2010).  At the simplest level, plant cell walls offer a physical barrier to aid in limiting 
pathogen attachment, invasion and infection.  The plant cell wall is a multi-layered 
system that actively modifies and reinforces components precisely at local and 
distinct sites when it is in contact with potential pathogenic microbes.  It consists 
of principal components such as high molecular weight polysaccharides that are 
cross-linked into an intensive network by ionic and covalent bonds (Carpita and 
McCann, 2002).  Besides this, plant cell walls are dynamic reservoirs of a wide 
range of chemical defence compounds, such as antimicrobial proteins and plant 
secondary metabolites that can be activated rapidly to inhibit the growth of 
pathogens.  
 
2.3.2.1 Nature of the plant cell wall 
Plant cell walls are generally divided into two classes: the primary cell walls 
that are capable of growth to provide structural support and secondary cell walls 
that thicken beneath the primary walls after the cell stops growing.  The most 
abundant and well characterised cell wall components are celluloses. They are 
complex polysaccharides and crystalline microfibrils that comprise ~ 30 to 36 
chains of β-1, 4-linked glucose, which interact with one another via hydrogen bonds 
(Somerville, 2006) to form insoluble and inelastic crystalline compounds. Celluloses 
function as the fundamental building blocks of cell walls by giving strength and 
flexibility.   
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Apart from celluloses, plant cell walls also consist of branched 
polysaccharides that can be categorised into two groups: hemicellulosic 
polysaccharides (xylans, glucomannans, xyloglucans and mixed-linkage glucans) 
(Scheller and Ulvskov, 2010) and pectic polysaccharides (homogalacturonan and 
rhamnogalacturonan I & II) (Harholt et al., 2010).  Hemicellulose fibers are known 
as the cross-linking glycans that function to provide strength by cross-linking with 
cellulose microfibrils through hydrogen bonds.  In contrast, pectic polysaccharides 
form hydrated gel-like compounds that aid in adhering neighboring cells to increase 
the firmness and regulating the water content of cell walls (Freeman and 
Beattieiowa, 2008).  Plant cell walls also consist of various components, including 
suberin, cutin and waxes that offer protection towards plant pathogens.  These 
components are fatty acid elements that are usually found to be deposited on the 
outer protective tissues of plants, such as bark and on the primary or secondary 
cell walls.  Moreover, plant cell walls also contain lignin, a complex polymer 
comprised of phenolic compounds that contribute to cell rigidity.  Lignin fills up the 
empty spaces in between the cellulose, pectin and hemicellulose components in 
cell walls (Freeman and Beattieiowa, 2008).  Generally, the contents of plant cell 
walls are complex and significantly different from individual cell types and plant 
species (Vorwerk et al., 2004).   
 
2.3.2.2 Changes to the plant cell wall during pathogenesis 
From the physical perspective, plant cell walls synthesise and deposit callose 
between the cell walls and membranes next to the invading pathogen rapidly as an 
immediate response towards pathogen attack.  Deposition of callose is associated 
with papillae, which are polysaccharide polymers that limit the entrance of plant 
pathogens to the underlying protoplast at the point of infection (Freeman and 
Beattieiowa, 2008).  Furthermore, papillae also act as a reservoir for the 
accumulation of antimicrobial secondary metabolites (Bednarek et al., 2009).  
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Hence, higher rates of papilla formation are often associated with higher resistance 
in plants towards fungal penetration, while lower rates of papilla formation will lead 
to higher susceptibility to pathogens (Collins et al., 2003).  
The presence of a waxy cuticle on plant cell walls also forms an initial barrier 
to pathogen invasion.  Dickinson (1960) proposed that the cuticle layer repells 
water films on the surface of cell walls and subsequently prevents the deposition 
of pathogen inoculums.  A well-developed cuticle, epidermal membrane and 
lignified cell wall is usually thick, rigid and highly impermeable to pathogens (except 
for white-rot fungi), so they act as a defensive barrier in plants (Serrano et al., 
2014).  Previous studies have reported that overexpression of a transcription factor; 
S1SHINE3 that is mainly expressed in the epidermal layer results in a higher 
content of cutin monomers in tomato (Buxdorf et al., 2014).  This leads to an 
increase in tomato resistance to B. cinerea and Xanthomonas campestris attack.  
Nevertheless, there are also reports on failure of linking pathogen infectivity with 
the thickness of plant cell walls (Martin, 1964).  This could be due to the nature of 
the plant cell walls that are highly hydrated and have gel-like structures which 
subsequently act as the mediators of hydrolytic enzymes produced by plant 
pathogens.  According to Baron-Epel et al. (1988), proteins and polysaccharides 
below the size of 17 kDa and 50 kDa are able to diffuse through standard plant cell 
walls in a matter of minutes and less than an hour respectively.  Hence, hydrolytic 
enzymes and other by-products produced by pathogens, which range between 30 
to 40 kDa normally can diffuse from cell walls to the internal plasma membrane.  
In addition to its possible role as a physical barrier, the plant cell wall also 
produces a wide range of proteins and glycoproteins, including enzymes and 
structural proteins (Rose and Lee, 2010).  These compounds thicken and 
strengthen cell walls upon contact with potential pathogens and act as signaling 
molecules to transfer infection signals within plant cells.  For instance, 
arabinogalactan is a structural protein complex located at both plant cell walls and 
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plasma membranes; it is believed that this complex plays a role in pathogen 
recognition and signaling events in Arabidopsis (Ellis et al., 2010).  Besides proteins 
and enzymes, plant cell walls also secrete various components that have 
antagonistic effects to the fungal pathogen, such as benzoxazolinone, phenolic 
compounds, alkaloids and coumarin derivatives (Martin, 1964).  Detection of 
potential pathogens by plant cell walls can trigger the production of oxidative burst 
catalysing enzymes, which in turn increases the level of highly reactive oxygen 
molecules to cause damage to the outer cells of invading pathogens (Freeman and 
Beattieiowa, 2008).  These molecules also assist in strengthening plant cell walls 
by catalysing cross-linkage processes between the polymers and conveying 
infection signals to the neighboring cells.  
 
2.3.2.3 Cell wall appositions 
Living plant cell walls respond to fungal penetration rapidly at the site of 
infection through the deposition of cell wall materials directly onto the inner layer 
of cellulose, through a process known as cell wall apposition (Israel et al., 1980).  
Papillae play a significant role in this process, together with the deposition of 
several cell wall-associated structures as illustrated in Figure 2.6 (Micali et al., 2011; 
Underwood, 2012).   
Ultra-structural observations and immuno-cytochemical characterisations of 
haustorial encasements and collars have confirmed that they are the extensions of 
the papillae (Zeyen et al., 2002).  They contain similar cell wall and membrane lipid 
materials and multi-vesicular bodies as compared to papillae (Meyer et al., 2009).  
Haustorial encasements play a role as a defensive structure, instead of being 
responsible for the accommodation of fungal haustorium.  This is because they are 
absent around the haustoria of fungal pathogens during a compatible interactions, 
signifying their formation is activated by the incompatible interactions with host 
plants (Meyer et al., 2009).  
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Figure 2.6 Cell wall-associated structures during cell wall apposition. (A) Deposition 
of cell wall-associated structures to halt a fungal penetration. (B) Formation of a 
haustorial neck-band or collar around the neck of fungal haustorium upon 
successful penetration. (C) Partially surrounded fungal haustorium by a haustorial 
encasement. (D) A fully encased haustorium. CW, cell wall; PM, plasma membrane; 
C, conidiospore; PGT, primary germ tube; AGT, appressorial germ tube; PP, 
penetration peg; H, haustorium; EHM, extra-haustorial membrane; NB, haustorial 
neck-band; P, papilla; E, haustorial encasement (Underwood, 2012). 
 
 Histological and chemical analyses have shown that the structures of 
papillae are rather complex and often associated with different classes of 
compounds including callose, phenolic compounds such as lignin and phenolic 
polyamines, peroxidases, ROS, inorganic compounds, cell wall polymers such as 
pectin and xyloglucans, and cell wall structural proteins such as arabinogalactan 
and hydroxyproline-rich glycoproteins (Zeyen et al., 2002; Collinge, 2009).  
Bhuiyan et al. (2009b) revealed the role of lignin associations with papillae in 
Einkorn wheat infected with Blumeria graminis using a forward genetic approach.  
It was suggested that lignification of papillae increased plant defences against the 
penetration of B. graminis as the presence of lignin helped to strengthen the 
papillae structure. 
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2.3.3 Oil Palm Defence Responses to BSR Infection 
When oil palm is threatened by Ganoderma spp., it turns on it defence 
mechanisms to inhibit or slow down the progression of the pathogen.  An in depth 
knowledge of oil palm defence mechanisms towards Ganoderma spp. at the 
transcript level is necessary to recognise gene markers involved in durable disease 
resistance.  Underlying molecular defence mechanisms in oil palm could be 
evaluated by studying the 1) expression of individual defence-related genes that 
are homologous to defence genes reported in other plants, or 2) gene expression 
of the total mRNA populations (Ho and Chai, 2015). 
Application of genome sequencing and expressed sequence tags (ESTs) to 
generate transcriptomic data from oil palm has provided informative and public 
databases that have allowed global analysis of oil palm gene expression upon the 
pathogenesis of G. boninense (Ho et al., 2007; Singh et al., 2013).   According to 
Singh et al. (2013), genome sequencing of 30 types of oil palm tissues revealed at 
least 34802 genes, and de novo assembly of RNA-seq data has resulted in 51452 
unigenes in oil palm (Lei et al., 2014).  Meanwhile, 40809 ESTs (short cDNA 
sequences) have been produced from the mRNA of oil palms (Ho et al., 2007; Low 
et al., 2008).  Molecular cloning and characterisation of target defence genes from 
oil palm ESTs was able to identify a total number of 22 oil palm genes encoding for 
PR proteins, including chitinases (Naher et al., 2011), glucanases (Yeoh et al., 
2012), defensins and proteinase-inhibitors (Tan et al., 2013).  Subsequently, the 
expression levels of these genes were studied in Ganoderma-inoculated oil palm. 
These were compared with un-inoculated seedlings using quantitative reverse-
transcription (qRT)-PCR.  Advancement in ESTs has led to the development of cDNA 
microarrays with more than 3700 cDNA probes (Lim et al., 2010).  The microarray 
has been used to study the expression of oil palm defence-related genes upon 
infection by G. boninense (Tee et al., 2013).  A total of 61 transcripts were reported 
in oil palm roots which were expressed differentially after a treatment with G. 
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boninense for 3 and 6 weeks, while none were reported in untreated controls.  
Based on their studies, defence-related genes encoding PR protein 1, isoflavone 
reductase, early nodulin-20, heat-shock protein, and methionine-labelled 
polypeptides were induced and up-regulated more than 2-fold.  Meanwhile, other 
genes encoding extension-1, vicilin-like antimicrobial peptide, and pecanex-like 
protein were shown to be suppressed by G. boninense (Tee et al., 2013).   
Previously, an oil palm PGIP gene (EgPGIP) was found to be associated with 
G. boninense infection (Al-Obaidi et al., 2010).  Polygalacturonase-inhibiting 
protein (PGIP) genes are fungal resistance-related genes that have been reported 
in other monocotyledonous plants.  They encode plant cell wall glycoproteins with 
putative functions to reduce and modulate the activity of fungal endo-
polygalacturonase (endo-PGs) (Al-Obaidi et al., 2010).  Furthermore, cDNAs 
encoding chitinase genes (EgCHI1, EgCHI2 and EgCHI3) from oil palm were also 
found abundantly in oil palm root tissues infected with G. boninense, as compared 
to non-infected root tissues at 5 weeks post-inoculation (Naher et al., 2011).  
Subsequently, Naher et al. (2012b) treated leaf tissue of oil palm seedlings with 
both G. boninense and T. harzianum.  They discovered that EgCHI1 was the only 
chitinase found to be up-regulated in oil palm treated with T. harzianum and G. 
boninense, while other chitinases were expressed in negligible amounts.  Hence, it 
was suggested that chitinase expression in oil palm is present as a general reaction 
towards G. boninese attack but the intensity of gene expression varies, depending 
on the types of tissues that are assessed and the treatments that are applied.  
In addition, Alizadeh et al. (2011) suggested that an increase in the 
expression levels of Δ9 stearoyl-acyl carrier protein desaturase (SAD) and type 3 
metallothionein (MT3) would lead to greater resistance against the pathogen in oil 
palm inoculated with G. boninense.  SAD enzymes are the key regulators in plant 
cellular poly-unsaturated fatty acid content and maintain the synthesis of storage 
lipids, biological membrane structures and signalling molecules (Cao et al., 2010).  
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Meanwhile, metallothioneins (MTs) are intracellular cysteine-rich metal-binding 
proteins that have putative roles in antioxidant scavenging mechanisms (Wong et 
al., 2004).   
Understanding the gene expression related to isoflavonoid and 
phenylpropanoid pathways are essential because many flavonoids and 
isoflavonoids have strong antimicrobial properties.  According to Tee et al. (2013), 
an oil palm gene encoding isoflavone reductase (EgIFR) is induced in roots 
inoculated with G. boninense, indicating that the biosynthesis of isoflavonoid 
phytoalexin is activated in oil palm upon infection.  Moreover, expression levels of 
EgPAL and EgC4H which encode phenylalanine ammonia lyase and cinnamate 4-
hydroxylase respectively were down-regulated in oil palm roots inoculated by G. 
boninense after 3 weeks of infection (Tee et al., 2013).  On the other hand, phenolic 
acids such as syringic acid (SA), 4-hydroxybenzoic acid and caffeic acid were 
identified as the major antifungal compounds accumulated during the interaction 
of G. boninense and oil palm (Chong et al., 2012).  
Comparative proteomic analysis of G. boninense infection in oil palm has 
identified the alteration of defence-related protein expressions in response to 
progressive BSR infection (Al-Obaidi et al., 2014; Daim et al., 2015).  The 
abundance levels of 21 root proteins were significantly altered in oil palm seedlings 
infected with G. boninense, including caffeoyl-CoA O-methyltransferase 
(CCoAOMT), caffeic acid O-methyltransferase (COMT), enolase, cysteine synthase, 
adenosine triphosphate (ATP) synthase, fructokinase and malate dehydrogenase 
(Al-Obaidi et al., 2014).  Similarly, the abundance levels of 51 proteins were 
changed in Ganoderma-infected oil palms as identified by Daim et al. (2015).  
Among these proteins, 8 of them (16%) are related to oil palm immunity and 
defence.  They have been characterised as three enzymatic antioxidants, termed 
as 2-cys peroxiredoxin (Prx), ascorbate peroxidase (APx) and superoxide 
dismutase (SOD).  Prx inactivates H2O2 and SOD detoxifies O2- (Li et al., 2011), 
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meanwhile APx catalyses the conversion of H2O2 into water (Caverzan et al., 2012).  
These enzymes play a key role in regulating ROS formation through the oxidative 
burst (Nowogórska and Patykowski, 2015).  Interestingly, the abundance levels of 
these proteins decreased in oil palm upon infection by G. boninense (Daim et al., 
2015).  It has been speculated that a sudden influx of ROS during the early 
induction of defence responses in oil palm might compromise the defence 
mechanisms and lead to the downregulation of these defence proteins, as ROS 
would cause oxidative damage to the cell components if they are not processed 
rapidly (Daim et al., 2015).  
Oil palm defence mechanisms against Ganoderma were reviewed by 
Paterson et al. (2009), Ho and Tan (2015) and Sahebi et al. (2015). An overview 
of the molecular events during interactions of oil palm and Ganoderma was 
summarised by Ho and Tan (2015) as shown in Figure 2.7.  Generally, both of the 
reviews addressed the importance of understanding the lignification process in oil 
palm upon infection by Ganoderma.  As a white rot fungus, G. boninense degrades 
the lignin component of oil palm that is predominantly made up of syringyl units 
(S-lignin) which are more susceptible to pathogen degradation as compared to 
guaiacyl units (G-lignin) (Rees et al., 2009).  Therefore, it is predicted that 
resistance of oil palm towards BSR disease could be enhanced by promoting the 
biosynthesis of lignin compounds, especially the guaiacyl unit (Ho and Chai, 2015).  
However, there have been limited studies on the innate immune response in oil 
palm upon BSR diseases, and there is a lack of information on the profile of oil 
palm lignin biosynthesis at the transcriptional level.  Hence, lignin biosynthesis in 
oil palm upon the pathogenesis of G. boninense became the main focus in this 
study since it potentially serves as the first line of defence towards BSR diseases.  
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Figure 2.7 Summary on the induction of oil palm defence-related genes and 
compounds in response to the infection by Ganoderma spp. at the molecular level 
(Ho and Tan, 2015). PAMPs or damage associated molecular patterns (DAMPs) 
were released from the fungal pathogen during early interaction between oil palm 
and Ganoderma spp.  They were subsequently recognised by PRRs in the cell 
membrane of oil palm.  This recognition triggered the signaling pathways involved 
in the regulation of PR and stress-related proteins.  The ability of Ganoderma spp. 
to produce or release an effector and phytotoxin remains unknown, which in turn 
were detected by R proteins in oil palm and this induced the HR through the 
production of ROS.  The words in red represented defence-related genes that were 
up-regulated; in contrast, the words in green indicated the down-regulated genes 
in Ganoderma-inoculated oil palm in comparison to untreated control.  Black arrows 
in broken line represented putative roles of defence-related proteins encoded by 
some of the up-regulated or down-regulated genes; blue arrows in broken line 
represented biosynthesis pathway with multiple steps; brown arrows in broken line 
represented potential signaling pathways; black line arrows represented possible 
interaction between SA, ethylene and JA pathways; blue dotted lines arrows 
represented possible defence responses in oil palm.  The question marks 
highlighted the knowledge gaps in molecular defence responses of oil palm towards 
Ganoderma spp. CA, cinnamate; HR, hypersensitive reaction; IFR, isoflavone 
reductase; JA, jasmonate; PAL, phenylalanine ammonia-lyase; Phe, phenylalanine; 
ROS, reactive oxygen species; SA, salicylate; SOD, superoxide dismutase.  
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2.4 LIGNIFICATION IN PLANTS 
2.4.1 Relationship between Phenylpropanoid and Lignin Biosynthesis 
Pathways 
The phenylpropanoid pathway is a biochemical pathway that occurs in plants 
to produce a wide range of natural secondary metabolites, such as flavonoids, 
stilbenes, isoflavonoids, coumarins, suberin and lignin (Vogt, 2010).  These 
compounds have a relationship to plant survival as they play important roles in 
plant defences and resistance towards pests and pathogens (La Camera et al., 
2004), along with other developmental roles for the structural integrity, 
reproduction process, signaling and regulation in plant cells.  Phenylpropanoid 
compounds are key modulators for plant communications between neighboring 
plants and with beneficial insects and microbes to enhance their growth (Ferrer et 
al., 2008).  This pathway involves a combination of deamination, reduction, 
oxygenation, hydroxylation, methylation and ligation processes to modify the core 
structure, phenylalanine, that is derived from the shikimate pathway to generate 
metabolites (Vogt, 2010; Fraser and Chapple, 2011). 
Generally, the phenylpropanoid pathway begins with the deamination of 
phenylalanine to cinnamic acid by phenylalanine ammonia lyase (PAL).  This initial 
step, together with two subsequent steps catalysed by cinnamate 4- hydroxylase 
(C4H) and 4-coumaroyl CoA-ligase (4CL) enzymes are compulsory for the central 
phenylpropanoid pathway in plants.  After these three steps, a decisive step will be 
initiated by hydroxycinnamoyl-CoA transferase (HCT), where p-coumaroyl CoA is 
either directed for the flavonoid or p-hydroxyphenyl (H) lignin biosynthesis, or fed 
into the production of guaiacyl (G) and syringyl (S) lignin monomers (Vogt, 2010).  
In the past decade, advances in biotechnology including knockout mutation, RNAi-
mediated suppression and bioinformatics analysis in Arabidopsis and other model 
crops has recognised and characterised genes and enzymes involved in the 
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phenylpropanoid pathway.  Tentative consensus sequences (TCs), which represent 
EST contigs of various genes in the phenylpropanoid pathway have been identified 
in Arabidopsis, soybean, maize, rice and tomato (Dixon et al., 2002).  Most of the 
genes in the phenylpropanoid pathway exist as multiple gene families and their 
level of complexity varies between different plant species.  Therefore, not all types 
of phenylpropanoid compounds are found in all plant species, where the members 
of certain classes of compounds with precise substitution patterns are most likely 
peculiar to only a certain plant genera or species (Dixon et al., 2002). 
Amongst the secondary metabolites generated from the phenylpropanoid 
pathway, synthesis of lignin compounds would be the greatest interest for the 
current research project as lignin confers mechanical support, vascular integrity 
and serves as the first line of resistance in oil palm because it protects the cellulose 
layer from degradation by pathogens.  Plant cell wall lignification is a complex 
process that takes place exclusively in higher plants and is often defined as a 
feature of the secondary cell wall development in vascular plants (Ros Barceló, 
1997).  It involves the deposition of lignin polymers on the extracellular 
polysaccharidic matrix of plant cell walls.  Lignification is important to plants as it 
mainly functions to strengthen the plant vascular body to provide rigidity and 
support for plant growth, development and water translocation (Vance et al., 1980; 
Ros Barceló, 1997).  In addition, lignification can delay the penetration of fungal 
pathogens indirectly by making plant cell walls less susceptible to enzymatic 
degradations (Hammerschmidt and Kuć, 1982).  Hence, the lignification process is 
important in early plant defence responses.   
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2.4.2 Lignin Biosynthesis in Plants 
2.4.2.1 Lignin composition and structure  
Lignin is a natural polymer ranking at the second highest in amount after 
cellulose on this planet.  It confers structural integrity and resistance towards 
biological attacks on plants.  Lignin is a complex racemic aromatic heteropolymer 
made up of three hydroxycinnamyl alcohol monomers, termed as the coniferyl, p-
coumaryl and sinapyl alcohol, which respectively produce the guaiacyl (G), p-
hydroxyphenyl (H) and syringyl (S) phenylpropanoid units (Boerjan et al., 2003).  
These units join together in at least 12 different patterns (Deacon, 2006) to form 
lignin polymers at different levels of rigidity.  Quantity and composition of lignin 
varies between plant species and sub-cellular compartments that are affected by 
developmental and environmental factors (Campbell and Sederoff, 1996).  For 
instance, lignin of dicotyledonous angiosperms is made up of G and S units, with 
negligible amount of H units; whereas gymnosperm lignin is mostly made up of G 
units with low quantities of H units.  In contrast, grasses and herbaceous plants 
(monocotyledonous) assimilate G and S units at equal levels, but with more H units 
than dicotyledonous plants (Baucher et al., 1998).  
Oil palm lignocelluloses are comprised of cellulose, lignin and hemicelluloses 
(Khalil et al., 2007).  According to Paterson et al. (2009), oil palm trunk fiber is 
made up of 17.1% lignin, 41.2% of cellulose, 34.4% hemicellulose, 3.4% of ash, 
2.3% of ethanol soluble and 0.5% of extractives that make up the remaining 
components of the cell wall.  Oil palm lignin is comprised of a high percentage of 
aryl ether-linked syringyl (S) units.  In addition, a significant amount of p-
hydroxybenzoic acid and small amounts of syringic, vanillic acids and esterified p-
hydroxybenzoic acid are present in the lignin of oil palm (Suzuki et al., 1998).  This 
composition is the main reason for the high level of biodegradability of oil palm as 
they are more vulnerable than wood lignin that contains high levels of guaiacyl (G) 
units (Paterson et al., 2009). 
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2.4.2.2 Monolignols biosynthesis pathway 
Lignin precursors are synthesised from the core structure (phenylalanine) of the 
phenylpropanoid pathway by the enzyme phenylalanine ammonia-lyase (PAL).  
These precursors lead to the formation of three individual monolignols, p-
hydroxyphenyl, guaiacyl and syringyl units via a series of methylation, 
hydroxylation, oxidation and reduction (Kärkönen and Koutaniemi, 2010).  Boerjan 
et al. (2003) reviewed the biosynthesis of monolignols and suggested that they 
were firstly produced from the deamination of phenylalanine, followed by 
consecutive hydroxylation of aromatic rings, phenolic O-methylation and alteration 
of the side-chain carboxyl groups to form an alcohol group.   
Apart from PAL enzymes, there are various other enzymes involved in 
catalysing the formation of monolignols by the conversion of a wide range of 
intermediate compounds in lignin biosynthesis pathway (Figure 2.8).  These 
enzymes are cinnamate 4-hydroxylase (C4H), 4-coumarate-CoA ligase (4CL), p-
hydroxycinnamoyl-CoA (HCT), p-coumarate 3-hydroxylase (C3H), caffeoyl-CoA O-
methyltransferase (CCoAOMT), cinnamoyl-CoA reductase (CCR), cinnamyl alcohol 
dehydrogenase (CAD), ferulate 5-hydroxylase (F5H) and caffeic acid O-
methyltransferase (COMT) (Boerjan et al., 2003; Vanholme et al., 2010).   
Discovery of the involvement of these enzymes in the biosynthesis of lignin 
was based on transgenic or reverse genetic studies that suppress or knock out the 
expression of certain genes which affect the corresponding enzyme activities.  For 
example, silencing of the HCT gene in Pinus radiata resulted in a significant increase 
in H units and concomitant reduction in G units, which ultimately reduced the total 
lignin content in the tracheid system of P. radiata (Wagner et al., 2007).  Besides 
this, alteration of 4CL, CCR, and CAD expression in P. radiata, Picea abies and 
Oryza sativa affected the total lignin contents in these respective plants (Vanholme 
et al., 2010).  Therefore, it has been predicted that these enzymes play specific 
and vital roles in the production of lignin, as the reduction of the expression of each 
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gene, except for F5H, led to lower amounts of lignin in the cell wall, although this 
depended on the species and the level of gene redundancy (Vanholme et al., 2010). 
 
Figure 2.8 General biosynthesis pathways of lignin monomers by a wide range of 
intermediates in plants (Vanholme et al., 2010). H, p-hydroxyphenyl; G, guaiacyl; 
S, syringyl. 
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 In addition, a test to feed lignin precursors has been used to study the 
metabolic fluxes in lignin biosynthesis.  Anterola et al. (2002) showed that feeding 
of phenylalanine to Pinus taeda induced the expression of all lignin biosynthesis 
genes, suggesting that carbon allocation for monolignol biosynthesis is controlled 
by the supply of phenylalanine.  Regulation of the monolignol biosynthesis pathway 
varies among different cell types and species due to the high extent of lignin 
heterogeneity (Campbell and Sederoff, 1996).  The biosynthesis of monolignol is 
also relatively complex as individual intermediates may affect the synthesis or 
activities of other enzymes in the pathway.  According to Boerjan et al. (2003), 
cinnamic acid has the potential to inhibit PAL gene expression at both 
transcriptional and post-translational level.  For instance, PAL activity was reduced 
by feedback modulation in transgenic tobacco plants with down-regulated C4H 
gene (Blount et al., 2000).  In addition, CCR activity was found to be strongly 
induced in transgenic tobacco plants with down-regulated COMT gene, but the 
activity of CCoAOMT enzyme was inhibited (Pinçon et al., 2001), indicating that the 
biosynthesis pathway of monolignols is highly regulated in plants.   
 
2.4.2.3 Storage and transport of monolignols 
After the synthesis of monolignols in the plant cytoplasm, they are 
transported to the cell wall or targeted tissues to undergo polymerisation and 
integration into lignin polymers through an oxidation process.  The monolignols (p-
hydroxycinnamyl, coniferyl and sinapyl alcohol) are relatively unstable, highly 
active and toxic (Whetten and Sederoff, 1995).  They are converted into their 
storage and transportation forms immediately after synthesis, termed as the 
monolignol glucosides or 4-O-β-D-glucosides (p-hydroxycinnamyl alcohol glucoside, 
coniferin and syringin) through a process known as glycosylation.  Monolignol 
glycosylation is catalysed by two types of soluble uridine diphosphate (UDP) 
glucose, the coniferyl or sinapyl alcohol glucosyltransferase (Boerjan et al., 2003).  
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This process targets the phenolic hydroxyl group of monolignols to reduce their 
lipophilicity, so inhibiting the potential of monolignols to diffuse across the lipid 
bilayer (Bowles et al., 2006).   
 The amount and distribution patterns of individual monolignol glucosides 
vary between different plant species and developmental stages.  These compounds 
(especially coniferin) are generally found in all gymnosperm species, but are fewer 
in less-derived angiosperm species (Terazawa and Miyake, 1984).  In addition, 
coniferin has also been found at relatively high levels in the protoplast of Pinus 
banksiana and P. strobes, suggesting that coniferin is mainly stored in the vacuoles 
of cambial cells (Leinhos and Savidge, 1993).  Since not all angiosperms 
accumulate glucosides before transporting them to respective target sites, they 
may have different transportation mechanisms for monolignols as compared to the 
gymnosperms, which accumulate glucosides.  The mechanism of actual 
transportation of monolignols from cytosol to cell walls remains uncertain.  
However, there are several proposed models of transportation via chemical analysis, 
microscopic inspection and radioactive tracking systems (Liu et al., 2011).  
Transportation of monolignol glucosides have been summarised into three possible 
mechanisms, including 1) exocytosic transport via endoplasmic reticulum (ER) – 
Golgi derived vesicles, 2) non-specific passive diffusion across plasma membranes, 
3) ATP-binding cassette (ABC) transporter-mediated sequestration and export of 
monolignols.  Among these putative routes, the ABC-like transporter-mediated 
route has been suggested as the major transportation mode for monolignols in 
many plant species, although a small percentage of passive diffusion might aid in 
monolignol transportations. 
 
2.4.2.4 Dehydrogenation and polymerisation of monolignols 
Once the monolignols have been transported from cytoplasm to the cell wall, 
lignin is formed via dehydrogenative polymerisation of the monolignols.  Vanholme 
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et al. (2010) described that there are generally two steps involved in the 
polymerisation of lignin, 1) a dehydrogenation which involves oxidative 
radicalisation of monolignol phenols, followed by the 2) combinatorial radical 
coupling.  During the first step of dehydrogenation, monolignols are converted into 
phenolic radicals that are rather stable as the unpaired electron in the conjugated 
system is delocalised.  Subsequently, these radicals couple to form a dehydro-
dimer at their β- positions and establish a covalent bond through a radical-radical 
coupling reaction.  This coupling reaction is repeated again where the dimer is 
dehydrogenated to a phenolic radical and consequently another monomer is added 
onto the developing lignin polymer.  The entire process has been termed as an 
endwise coupling or cross-coupling and it lengthens the complex three-dimensional 
lignin network (Boerjan et al., 2003).  Since radical coupling of monomer takes 
place in a random chemical-combination order, types of coupling products and sizes 
of lignin polymers rely heavily on the chemical nature of each monomer and the 
conditions of the cell wall (Ralph et al., 2004).  For instance, the average length of 
lignin polymer chain in the poplar species is assumed to be between 13 and 20 
units (Stewart et al., 2009). 
Two major classes of enzymes, peroxidases and laccases have been 
proposed to be involved in the dehydrogenation of monolignols, although other 
enzymes such as polyphenol oxidases and coniferyl alcohol oxidases may also 
contribute to this process (Boerjan et al., 2003).  Laccases and peroxidases use 
oxygen and hydrogen peroxide respectively as their substrates to allow the 
catalytical oxidation of phenol (Whetten and Sederoff, 1995).  Both of these 
enzymes belong to large gene families and are encoded by multi-genes with 
overlapping activities in plants.  They are normally secreted into the apoplast and 
are either ionically or covalently bound to the cell wall to facilitate monolignol 
polymerisation (Kärkönen and Koutaniemi, 2010).  Peroxidases may have different 
substrate specificities as some of them are able to accept coniferyl alcohol 
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exclusively, and the majority are highly specific towards sinapyl alcohol (Vanholme 
et al., 2010).  This is due to the presence of p-coumarate to act as an efficient 
intermediate in sinapyl alcohol-coupling reactions.  According to Hatfield et al. 
(2008), p-coumarate can be rapidly oxidised by peroxidases to relocate radicals to 
sinapyl alcohol and subsequently form as a stable radical.  Characteristics of 
substrate specificities in peroxidases could perhaps help to regulate the structure 
of lignin polymers based on the availability of monolignol radicals (Vanholme et al., 
2010).  
 Polymerisation of monolignols through the radical-coupling process has 
been studied via synthetic dehydrogenation polymers (DHPs) experiments.  
Sarkanen and Ludwig (1971) showed that lignin-like polymers were formed in vitro 
by introducing monolignols to a solution containing oxidizing agents, including 
peroxidase/H2O2 or laccase/O2.  Previous DHP experiments concluded that lignin 
structures are assembled based on four factors: 1) the supply rate of monolignols, 
2) the existence of polysaccharides in DHP mix (Terashima et al., 1995; Ruel et al., 
2002), 3) the rate of radical generation (Syrjänen and Brunow, 2000) and 4) the 
occurrence of growing lignin polymer (Shao-Ying et al., 1997).  
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2.4.3. Elicitors of Lignin Biosynthesis and Deposition of Lignin during 
Pathogenesis 
In plant-pathogen interactions, an elicitor is often defined as a compound 
that acts as the signal of infection to the plant and is able to stimulate different 
types of defence responses in plants (Thakur and Sohal, 2013).  There are generally 
two categories of elicitors, termed as exogenous (primary signal) and endogenous 
(secondary signal).  Exogenous elicitors originate from the pathogen and are able 
to induce a response in plant cells in close vicinity to the pathogen, immediately.  
Meanwhile, endogenous elicitors are of plant origin and are induced as a result of 
an interaction between plant and pathogen (Montesano et al., 2003).  Elicitors can 
also be classified as abiotic or biotic, physical or chemical, and are usually defined 
or complex depending on their molecular structure and origin. 
Lignification of plant cell walls in response to infection is induced by both 
exogenous and endogenous elicitors.  For instance, Pearce and Ride (1982) 
reported that chitin from B. cinerea and soluble derivatives that include ethylene 
glycol and chitosan showed great activities to elicit lignification in the leaves of 
wounded wheat (Triticum aestivum); meanwhile, laminarin which is an algal glucan 
also gave minor results as a weak elicitor of lignification in wheat.  In addition, Con 
A-binding glycoproteins from the walls of germ tubes of Puccinia graminis f. sp. 
tritici were also found to be a potent elicitor of the lignification response in wheat 
leaves (Kogel et al., 1988).  Apart from wheat, a number of exogenous and 
endogenous elicitors have been found in cucumber hypocotyls infected with 
Cladosporium cucumerinum (Robertsen, 1986; 1987).  From these studies, lignin-
like materials from cucumber hypocotyls were detected using pholoroglucinol-HCl 
stain after they were treated with various types of elicitors.  Robertsen (1986) 
successfully reported the potential of chitosan as an exogenous elicitor, while pectin, 
polygalacturonic acid and oligomers of galacturonic acid (uronic acid) from 
cucumber cell walls acted as endogenous elicitors of lignification in infected 
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cucumber. Subsequently, Robertsen (1987) described an endo-polygalacturonase 
and two exo-polygalacturonases produced by C. cucumerinum to act as exogenous 
elicitors for lignification of cucumber hypocotyls.  
 Furthermore, lignin content of castor bean (Ricinus communis L.) increased 
when it was treated with pectic fragments as a potential elicitor (Bruce and West, 
1989).  Based on this study, castor bean that was treated with pectic fragments 
could mimic the infection process of pathogens by stimulating pectin breakdown.  
Maximal rate of lignin synthesis (approximately 10- to 20- fold higher) was 
achieved in 4 to 10 hours after treatment with pectic fragments as compared to 
untreated control samples.  Besides this, the activities and types of peroxidases 
(which are essential enzymes involved in the last step of lignin biosynthesis) in 
castor bean were also altered in the presence of pectic fragment elicitors (Bruce 
and West, 1989). 
 
2.4.4 Roles of Lignin Biosynthesis Enzymes 
2.4.4.1 Phenylalanine ammonia lyase (PAL) 
Phenylalanine ammonia lyase (PAL; EC 4.3.1.5) is a type of tetramer 
enzyme that has been studied intensively in plant secondary metabolism.  It plays 
a key role in the phenylpropanoid pathway by the catalysis of phenylalanine to 
trans-cinnamic acid and ammonia through non-oxidative deamination, with no 
requirements for the presence of cofactors (Camm and Towers, 1973).  This 
enzyme mainly localises at the cytoplasmic region, although a minority of them 
may be associated with some subcellular location in membranous organelles.  PAL 
enzyme is found to be sensitive to its product, trans-cinnamate; where high levels 
of trans-cinnamates are found to inhibit the activity of PAL (Jones, 1984).   
PAL catalyses the rate-limiting step in the phenylpropanoid pathway, hence 
is involved in regulating the biosynthesis of phenylpropanoid compounds, such as 
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lignin.  For example, lignin content in transgenic tobacco plants was greatly affected 
when PAL activity was reduced by approximately 20 to 25% as compared to wild-
type tobacco (Bate et al., 1994).  The activity of PAL in plants varies and is affected 
by several intrinsic factors, such as light, hormones, growth modifiers, 
carbohydrate levels as well as wounding and infection by plant pathogens (Camm 
and Towers, 1973; MacDonald and D’Cunha, 2007).  A significant increase in PAL 
levels has been found to be associated with wounding and infection events in plants 
(Shadle et al., 2003).  This can be explained by the production of endogenous 
ethylene from wounded tissues which in turn stimulates the production of PAL 
(Camm and Towers, 1973).  An increase of PAL activity upon wounding and 
infection takes place rapidly in plants, but the expression level of the PAL genes is 
normally transient, and this is reduced following the rapid induction of PAL activities.  
 Active PAL isoenzymes in different plants are often encoded by a multigene 
family of PAL (Bagal et al., 2012; Lepelley et al., 2012; Shi et al., 2013).  In 
Arabidopsis, PAL isoforms are encoded by four AtPAL genes, designated as AtPAL1 
to AtPAL4 (Raes et al., 2003).  PAL1 and PAL2 have been proposed as the primary 
PAL isoforms in Arabidopsis due to the presence of specific promoter elements 
associated with AtPAL1 and AtPAL2 genes, and the reduction of lignin (Rohde et al., 
2004), tannin and anthocyanin contents (Huang et al., 2010) in pal1 pal2 double 
mutants.  On the other hand, PAL3 showed minimal activity and is only expressed 
at basal levels (Raes et al., 2003; Cochrane et al., 2004).  Meanwhile, PAL4 was 
partially reimbursed during the loss of PAL1 and PAL2 in double mutants of 
Arabidopsis (Fraser and Chapple, 2011). Hence, it has been suggested that 
isoenzymes encoded by different PAL genes may have different catalytic properties 
in the same plant species.  
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2.4.4.2 Cinnamate 4-hydroxylase (C4H) 
Cinnamate 4-hydroxylase (C4H; EC 1.14.13.11) is a type of cytochrome 
P450-dependent monooxygenases that belongs to a large group of heme-
containing enzymes which catalyse the nicotinamide adenine dinucleotide 
phosphate (NADPH-) and O2-dependent hydroxylation process (Chapple, 1998).  In 
fact, C4H is the first P450 monooxygenase that was discovered and characterised 
in plants (Russell, 1971).  P450s are divided in groups of different protein families 
that are at least 40% similar to each other, and subfamilies of more than 55% 
identity to one another (Fraser and Chapple, 2011). C4H has been studied 
intensively due to its significant role in the phenylpropanoid pathway that produces 
important plant metabolites, including lignin, flavonoids and coumarins.  C4H 
catalyses the formation of p-coumaric acid from trans-cinnamic acid through 
hydroxylation and this process is irreversible (Ehlting et al., 2006).  During this 
reaction, molecular oxygen is cleaved and reduced to water, while at the same time 
another oxygen atom is added to the aromatic ring (Whetten and Sederoff, 1995).  
Previous feeding experiments showed that C4H utilises cinnamic acid produced by 
PAL enzymes more readily as compared to exogenous cinnamic acid (Czichi and 
Kindl, 1977; Hrazdina and Wagner, 1985), suggesting that a metabolic channeling 
mechanism is taking place in the cell. This mechanism ensures that the intracellular 
region can be maintained with low amounts of toxic compounds without affecting 
the high levels of metabolic flux through the phenylpropanoid pathway (Hrazdina 
and Jensen, 1992). 
 Similar to PAL, C4H activity is induced by a wide range of stimuli, including 
light, elicitors, metal ions, wounding and pathogen attacks (Bell-Lelong et al., 
1997).  C4H is critical to maintain a normal biochemistry of plants, including the 
developmental, structural and reproductive phenotypes.  For instance, reduction of 
C4H activity in Arabidopsis results in a strong decrease in phenylpropanoid 
compounds and subsequent retardation in the growth and development of the plant 
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(Schilmiller et al., 2009).  This observation was achieved through the isolation of 
Arabidopsis allelic mutants with missense mutations in the C4H gene through UV-
screening, termed as the epidermal fluorescence 3 (ref3) mutants that failed to 
accumulate the sinapoylmalate compound. Expression of the C4H gene was found 
to be controlled in a spatial and temporal pattern, consistent with its role in 
lignification (Chapple, 1998).   
As compared to other soluble enzymes in the phenylpropanoid pathway, 
isolation and purification of C4H has been rather difficult and challenging.  This is 
because C4H enzymes are membrane-localised proteins that are often unstable 
and present in low abundance (Bell-Lelong et al., 1997).  Nevertheless, the 
isolation of the C4H enzyme has been enhanced with the development of a phase-
partitioning method, where the enzyme can be extracted into a detergent-rich 
solution with high concentrations of glycerol (Werck-Reichhart et al., 1991).  
According to Gabriac et al. (1991) and Mizutani et al. (1993), C4H enzymes from 
Jerusalem artichoke and mung bean have been successfully isolated and purified 
using this advanced technique.  Additionally, cDNA encoding C4H was first isolated 
from Jerusalem artichoke (Teutsch et al., 1993).  Following the initial isolation, the 
C4H gene was characterised and its expression has been studied in many other 
plant species (Ro and Douglas, 2004).  Through genomic and transcriptomic 
analyses, C4H enzymes in plants are normally encoded by at least two multigene 
families of C4H in cotton (Ni et al., 2014), weed (Chen et al., 2014a) and Leucaena 
leucocephala (Kumar et al., 2013).  However, only a single C4H gene has been 
cloned and characterised from Arabidopsis up to date (Bell-Lelong et al., 1997).  
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2.4.4.3 Caffeic acid O-methyltransferase (COMT) 
Caffeic acid O-methyltransferase (COMT; EC 2.1.1.68) belongs to the plant 
type-1 family of S-adenosyl-L-methionine (SAM)-dependent O-methyltransferases 
(OMTs) and consists of ~360 amino acid residues with an auxiliary N-terminal 
domain that plays a role in homodimerisation and does not require metal ions for 
the activity (Louie et al., 2010).  COMT functions to methylate the phenyl ring of 
monolignol precursors in the lignin biosynthesis pathway (Ferrer et al., 2008).  It 
consists of highly conserved SAM binding domains in the protein structure which 
serve as the methyl group donor to the hydroxyl group of a methyl acceptor 
molecule (Trabucco et al., 2013).  COMT has a broad spectrum affinity to substrates 
because it can methylate caffeoyl- and 5-hydroxyferuloyl-containing acids, 
aldehydes and alcohols in vitro.  Originally, it was thought to be involved in the 
methylation of free hydroxycinnamic acids, such as caffeic acid or 5-hydroxyferulic 
acid.  For instance, COMT showed the greatest activity to caffeic acid and 
caffealdehyde as the enzyme substrates in Branchypodium distachyon (Wu et al., 
2013).  Later, it was shown to display a kinetic preference for the alcohol and 
aldehydes over free acids, and act to methylate 5-hydroxyconiferyl alcohol and 5-
hydroxy-coniferaldehyde to yield sinapyl alcohol and sinapaldehyde, respectively 
(Trabucco et al., 2013; Oraby and Ramadan, 2014).  This could be due the 
presence of a propanoid tail binding pocket at the active site of COMT, which 
facilitates the binding of alcohol and aldehyde substrates (Zubieta et al., 2002).  In 
addition, it typically favours O-methylation of the 5-hydroxyl group and shows no 
activity towards 4-hydroxyl groups (Bhuiya and Liu, 2010).  
 COMT enzymes are important for the biosynthesis of S-lignin, as 
perturbation of this enzyme results in the inhibition of S-lignin formation and the 
accumulation of 5-OH coniferyl alcohol which is converted into a G-lignin monomer 
(Sattler et al., 2012).  Downregulation or knockout of the COMT gene in B. 
distachyon (BdCOMT4) and Arabidopsis (comt1) reduced the content of S-lignin 
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and sinapoylmalate levels without significant changes in the accumulation of 5-
hydroxyguaiacyl for G-lignin precursor (Goujon et al., 2003.; Trabucco et al., 2013).  
Brown midrib mutants in maize (bm3) and sorghum (bmr12), which lacked the 
functional COMT gene also showed strong decreases in syringyl units, lower p-
coumaric acid contents and the presence of an unusual 5-OH guaiacyl unit 
(Piquemal et al., 2002; Sattler et al., 2012).  This leads to the decrease in COMT 
enzyme activity.  Reduction of COMT activity in plants improves their forage 
digestibility; indicating that the downregulation of COMT in plants modifies the 
overall cell wall organisation to become more accessible to cell wall degrading 
enzymes (Goujon et al., 2003; Guillaumie et al., 2008; Lu et al., 2010).  
 In tobacco, a total of three isoforms of COMT enzymes (COMT I, II and III) 
have been detected and grouped into two distinct classes (Pellegrini et al., 1993).  
Class I COMT is constitutively expressed and produced in tobacco for cell wall 
lignification (Pinçon et al., 2001).  Meanwhile, Class II COMT is present at lower 
levels in healthy tobacco, but is highly activated upon pathogen infection (Pellegrini 
et al., 1993), suggesting COMT II could be a type of PR protein that accumulates 
in diseased plants to provide resistance toward pathogens.  According to Legrand 
et al. (1978), Class I COMT may be involved in the defence mechanisms in plants, 
but to a lesser extent as compared to Class II COMT.  In addition, Class II COMT is 
also induced strongly in plants by wounding and other environmental cues (Toquin 
et al., 2003), indicating that this enzyme plays an important role in the general 
responses in plants associated with biotic and abiotic stresses.   
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2.4.4.4 Cinnamyl alcohol dehydrogenase (CAD) 
Cinnamyl alcohol dehydrogenase (CAD; EC 1.1.1.195) catalyses the final 
step in the biosynthesis of monolignols by reducing hydroxycinnamaldehydes 
(coniferaldehyde and sinapaldehyde) to hydroxycinnamyl alcohols (coniferyl 
alcohol and sinapyl alcohol).  CAD is thought to be one of the most specific targets 
for the manipulation of the biosynthesis of monolignols.  It can control the 
production of different types of lignin monomers in angiosperms and gymnosperms 
based on their different affinities to enzyme substrates (Kutsuki et al., 1982).  
Gross (1985) reviewed that CAD in angiosperms exhibits equal preference to both 
coniferaldehyde and sinapaldehyde as the enzyme substrates; but CAD in 
gymnosperms is generally more sensitive to coniferaldehyde.  
 Genes encoding CADs have been the targets for the modification of lignin 
content in plants via genetic engineering and antisense technologies.  According to 
Halpin et al. (1994), CAD activity was reduced in transgenic tobacco transformed 
with an antisense CAD construct, coupled with a significant change in the lignin 
composition and structures.  Moreover, the transgenic tobacco displayed a novel 
phenotype with the presence of red-brown colour in their xylem tissues.  Similar 
studies were carried out by Vailhé et al. (1998), where in transgenic tobacco, 
alteration in the cell wall composition and digestibility due to decreases in syringyl 
contents were associated with the down-regulation of CAD activity.  In addition, 
the effects of the down-regulation of CAD activity were studied intensively in 
transgenic poplar (Populus spp.).  Baucher et al. (1996) stated that neither lignin 
monomeric composition nor lignin content were affected in transgenic poplar with 
down-regulation of CAD, but approximately 70% of these plants were associated 
with a red colouration in the xylem tissue.  On the other hand, Klason lignin levels 
of CAD-antisense poplars were found to be lower than that of controls (Lapierre et 
al., 1999).  Lapierre et al. (2004) showed that the conventional syringyl-units and 
β-O-4 bonds were lesser in lignin composition of CAD-deficient poplars, but yet 
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more free phenolic groups such as syringaldehyde and diarylpropane were detected.  
Their results suggested that lignin in CAD-deficient poplars occurs as a small, alkali-
leachable lignin domain and has greater susceptibility to mechanical and biological 
degradation of lignin. 
 Based on previous studies, CAD enzymes are regulated by a multigene 
family of CADs.  Characterisation of wheat and sorghum CAD sequences identified 
eleven and fourteen CAD-like genes in these plants, respectively (Saballos et al., 
2009; Ma, 2010).  As for Eucalyptus and tea plants (Camellia sinensis), a total of 
two to three CAD isoforms and genes were identified with differential roles and 
functions in plant defence (Goffner et al., 1992; Deng et al., 2013).  In Arabidopsis, 
nine CAD genes have been sequenced (Sibout et al., 2003) and six isoforms of 
CADs were identified to be competent for NADPH-dependent reduction of caffeyl, 
coniferyl, p-coumaryl, 5-hydroxyconiferyl and sinapyl aldehyde substrates (Kim et 
al., 2004).  Among the nine CAD genes that were identified, two of these genes, 
designated as CAD-C and CAD-D were established as primary CADs in Arabidopsis 
(Fraser and Chapple, 2011).  Double mutation study of these two genes showed a 
94% reduction in G and S lignin subunits, with an overall decrease in lignin content 
in the xylem and fiber tissues of Arabidopsis (Sibout et al., 2005).  In addition to 
its role in Arabidopsis plant defence, these two CAD genes were shown to be 
involved in stress responses induced by salt in Arabidopsis roots (Chen et al., 2007).  
In oil palm, an EST fragment (EU284964, 1068 bp) designated as EguCAD1, which 
is similar to the CAD1 gene in Arabidopsis was sequenced from 26 breeding lines 
and was studied recently (Mudge et al., 2015).  Results of sequence alignments 
and homology showed that EguCAD1 is highly conserved in both coding and intronic 
regions from 26 parental genotypes and four putative CAD gene homologues were 
found on chromosome 4 and 11 of oil palm genome sequences, although further 
analysis is required to validate these findings.   
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CHAPTER 3 
GENERAL METHODOLOGY 
 
3.1 GENERAL METHODOLOGY FLOW CHART 
 The outline of this research study is summarised in Figure 3.1. Physiological 
and pathological studies of BSR disease on oil palm were carried out by artificial 
infection of oil palm plantlets with G. boninense, GBLS strain in planta.  
Assessments on the morphological changes, total phenolic contents, as well as the 
quantification of fungal DNA were conducted.  Subsequently, molecular and 
biochemical assessments of infected oil palm plantlets were conducted.  During this 
phase, functional enzyme activities and gene expression of several target 
intermediates (PAL, C4H, COMT and CAD) in the lignin biosynthesis pathway, were 
measured by colorimetric assays and relative qPCR assays respectively.  Finally, 
evaluation on the quantitative and qualitative measurement of lignin profiles in oil 
palm, including the patterns of lignin depositions, total amounts of lignin and 
compositions of individual monolignols by histochemical staining, lignothioglycolic 
acid assays (LTGA) and gas chromatography were conducted.   
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Figure 3.1 General workflow of the study.  
 
3.2 SOURCES OF HOST PLANT AND FUNGAL INOCULUM  
3.2.1. Oil Palm Plantlets 
One month old-rooted oil palm plantlets (cultivar AA68) were used for in 
planta infection studies.  These plantlets were collected from Applied Agricultural 
Resources Sdn. Bhd. (AAR), Tissue Culture Lab, located at Sungai Buloh, Selangor, 
Malaysia.  They were grown in sterilised 72 x 72 x 100 mm3 Incu Tissue Culture 
Jars (SPL, Korea) containing 40 ml of Murashige and Skoog (MS) medium (Duchefa, 
Netherlands), supplemented with 30 g l-1 sucrose and 1 g l-1 phytagel (Sigma, USA) 
adjusted to pH 5.8.  Oil palm plantlets were then maintained in a growth chamber 
(Conviron, CMP 6010) at 27°C, 16 hr in day light condition and with 50% relative 
humidity.  
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3.2.2 Ganoderma boninense 
Ganoderma boninense isolate, GBLS is a pathogenic fungus that was isolated from 
Lian Seng Oil Palm Estate, Johor, Malaysia by Christina Supramaniam, Assistant 
Professor, School of Biosciences, University of Nottingham Malaysia Campus.  The  
GBLS isolate was confirmed as G. boninense by the sequencing of it’s ITS region 
(GenBank KF164430.1).  Pure mycelium cultures of GBLS isolate were maintained 
on potato dextrose agar (PDA; Oxoid, UK) with a subculture of mycelium by 
transferring a 5 mm2 plug onto a new PDA medium. Cultures were incubated in the 
dark and at room temperature (25 ± 2°C) for a maximum of seven days. 
 
3.3 PREPARATION OF NUTRIENT MEDIUM AND SOLUTIONS FOR 
BIOCHEMICAL ASSAYS 
 Components of media and chemical solutions were measured into 100 ml, 
250 ml or 500 ml laboratory bottles (Schott Duran, USA) using a weighing scale 
(Sartorius, CP124S) and were autoclaved (Tomy, ES-315) at 121°C for 15 min, 
unless otherwise stated.  The pH values of chemical solutions were adjusted 
appropriately using a pH meter (Eutech Instrument, pH510).  Chemical solutions 
were prepared freshly prior to use and stored properly according to individual 
material safety and data sheets (MSDS).  Detailed preparation of nutrient media 
and chemical solutions are listed in Appendix A1-A9. 
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CHAPTER 4 
PHYSIOLOGY AND PATHOLOGY STUDIES OF GANODERMA BONINENSE 
INFECTION ON YOUNG OIL PALM IN PLANTA 
 
4.1 INTRODUCTION 
Artificial inoculation techniques have been developed to understand plant-
pathogen interactions.  The aim was to study the epidemiology of G. boninense in 
vivo as reviewed in Section 2.2.4.1.  Artificial infection of oil palm was previously 
carried out using the rubber wood block (RWB) technique. However, this technique 
is time-consuming as it requires an initial step of inoculation of G. boninense using 
sterilised RWB (6 cm x 6 cm x 9 cm).  First symptom development usually manifests 
after several months post-inoculation (Sariah et al., 1994; Idris et al., 2006) with 
a shortest period of 2 months post-inoculation reported by Kok et al. (2013).  In 
addition, this technique is labour intensive as it is normally performed in the shade 
house.  BSR disease symptoms showing on oil palm can be influenced by external 
environmental factors and stresses.  
For a better understanding of the infection biology of G. boninense and the 
early defence responses in oil palm towards this disease, it is important to improve 
the existing infection system for oil palm.  The RWBs inoculation technique could 
be improved by conducting the infection process under a controlled and axenic 
environment, where one-to-one interaction between plants and compatible 
pathogens could be evaluated more comprehensively.  Hence, this experimental 
chapter aimed to implement an in planta infection system to investigate the 
infection of G. boninense in young oil palm in order to analyse defence responses 
in oil palm up to 8 days post-inoculation (DPI). 
In this chapter, G. boninense GBLS isolate was artificially infected on one 
month-old oil palm plantlets and post-inoculation analyses were conducted to 
confirm the stability and reliability of the in plant artificial infection system.  The 
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original system was developed by Supramaniam (2015) for the determination of 
pathogenesis of GBLS in young oil palm.  Physical properties of oil palm such as 
plant height, weight, stem diameter, root length and chlorophyll content of leaves 
were measured post-inoculation.  In addition, the disease severity index (DSI) was 
calculated based on morphological symptoms of disease.  Oil palm stem tissues 
were stained with lactophenol blue dye and were observed under light microscopy 
to determine the degree of fungal colonisation in oil palm.  Total phenolic contents 
that reflected general plant defence response towards stress in oil palm plantlets 
were estimated.  The presence of G. boninense in oil palm plantlets was determined 
by the occurrence of fungal DNA based on the internal transcribed spacer (ITS) 
region.  The quantity of fungal DNA was quantified by absolute quantification via 
real-time PCR (qPCR).  The ITS region of Ganoderma spp. consists of highly 
conserved sequences and interspecific variations (Moncalvo et al., 1995), that 
enables specific differentiation of G. boninense from other saprophytic fungi in 
diseased oil palms (Utomo and Niepold, 2000).  Hence, GbF and GbR primers 
(Supramaniam, 2015) that targeted on the ITS region of G. boninense were used 
in this experimental chapter. 
 
  
62 
 
4.2 MATERIALS AND METHODS 
4.2.1 Artificial Infection of Oil Palm Plantlets with G. boninense GBLS In 
Planta 
For this experiment, one month-old oil palm plantlets were infected with 14 
day-old pure culture of fungal inoculum (G. boninense, GBLS isolate) at three levels 
of treatments; non-inoculated + non-wounded (T1), non-inoculated + wounded 
(T2), and inoculated + wounded (T3).  T1 plantlets served as the absolute negative 
control.  In planta infection process of oil palm plantlets with G. boninense was 
carried out according to Supramaniam (2015) and is illustrated in Figure 4.1 (A-F).  
For all treatments, oil palm plantlets were transferred into sterilised Incu Tissue 
Culture Jars (SPL, Korea) containing 40 ml full strength MS medium (Duchefa, 
Netherlands).  Meanwhile, stem regions of oil palm plantlets (at approximately 0.5 
cm above the crown region) were wounded by repeat piercing (5 different spots) 
with sterilised needles (TERUMO, 18G x 1.5”) for T2 and T3 treatments (Figure 
4.1A).  For T3 treatment, the GBLS isolate was inoculated onto wounds on oil palm 
stems.  G. boninense inoculum (40 x 5 mm2) from fully grown culture plates was 
acquired by scraping the mycelium with a sterilised needle (Figure 4.1B-C).  GBLS 
inoculum was applied onto the wounded region directly (Figure 4.1D) before placing 
individual plantlets onto MS medium (Figure 4.1E).  The lid of the tissue culture jar 
was assembled (Figure 4.1F) and incubated in a growth chamber (Conviron, CMP 
6010) at 27°C, 16 hr day light and 50% relative humidity for 8 days.  
Post-inoculation analyses for the physiological, biochemical and molecular 
events of oil palm plantlets were conducted at 2 day intervals over 8 days of the 
incubation period.  At each time point, samples of oil palm plantlets were removed 
from culture jars and were subjected to physiological assays.  Biochemical and 
molecular analyses were conducted on plants that were frozen in liquid nitrogen 
and were stored at -80°C. 
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Figure 4.1 (A-F) In planta infection process of oil palm plantlets with G. boninense. 
(A) Artificial wounding on the stem region of plantlets with sterilised needle. (B-C) 
GBLS mycelium was obtained from nutrient medium. (D) Inoculation of GBLS 
mycelium on wounded region of plantlets. (E) Transfer of plantlets into Incu tissue 
culture jar with MS medium. (F) Assembly of tissue culture jar.  
 
4.2.2 Physiological Assessments of Oil Palm Properties  
Infected plantlets were observed for their morphology and symptoms.  
Parameters such as plant height, weight, stem diameter, root length and leaf 
chlorophyll content were measured.  Plant height was measured using a standard 
ruler; weight was measured using a weighing balance (Sartorius, CP124S); stem 
diameter and root length were measured using a vernier calliper (Mitutoyo America, 
530-312) and chlorophyll content of leaves was measured using a chlorophyll 
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meter (Konica Minolta, SPAD-502plus).  Images of sample plantlets were taken 
using a digital camera (Panasonic, Lumix LX5).     
Treated oil palm plantlets were classified into different disease classes 
(Table 4.1), based on the disease scales adopted from Izzati et al. (2008) and were 
modified by including the standard for SPAD value (Krugh et al., 1994).  Images of 
oil palm plantlets for each disease classes are illustrated in Figure 4.2.  DSI of oil 
palm plantlets after 8 days of incubation were assessed and calculated based on 
the formula below: 
Disease severity index (DSI) = 
∑(A X B) x 100
∑ B x 4
 
Where, A is the disease class ranging from 0, 1, 2, 3 and 4 according to the 
symptoms of infection (Table 4.1) and B is the number of plants showing that 
disease class in each treatment.   
 
Table 4.1 Scores of the disease symptoms on oil palm plantlets on a scale of 0-4. 
 
  
Disease Class Symptoms of Infection 
0 Healthy plant with green leaves (SPAD value ≥ 30), absence 
of fungal mycelium on any part of plant. 
1 Healthy plant with yellow-green leaves (SPAD value ranges 
from 10-30), absence of fungal mycelium on any part of plant. 
2 Unhealthy plant with chlorotic leaves (SPAD value ≤10), 
absence of fungal mycelium on any part of plant. 
3 Unhealthy plant with chlorotic leaves (SPAD value 10-30), 
presence of fungal mycelium on the basal stem region.  
4 Unhealthy plant with chlorotic leaves (SPAD value ≤10), 
presence of fungal mycelium on the basal stem region. 
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Figure 4.2 Illustration of oil palm plantlets under different disease classes. Refer to 
Table 4.1 for the description of individual disease class.  
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4.2.3 Microscopy Observation of the Site of Infection 
In order to observe the severity of disease in internal tissue and the extent 
of colonisation of GBLS at the site of infection, stem regions were cut into 
longitudinal slices using a sterilise scalpel.  Lactophenol blue dye was used to stain 
fungal cell walls of G. boninense.  Stained specimens were observed under a light 
microscope (Nikon, AZ100) using 1x objective lenses and the magnification were 
adjusted to 10x and 20x.  Photographs of longitudinal sections of treated plantlets 
were captured using a camera (Nikon, DS-Ri1 and NIS Element software). 
 
4.2.4 Estimation of Total Phenolic Contents  
Total phenolic contents in treated and non-treated oil palm plantlets were 
estimated spectrophotometrically using Folin’s method (Chong et al., 2012).  
Approximately 0.5 g oil palm roots was homogenised in 5 ml 80% methanol.  The 
homogenates were mixed by vortexing (LMS, VTX-3000L) at low speed for 5 min 
and then centrifuged at 3000 g for 10 min.  Supernatants were collected by 
transferring homogenates into new 15 ml Falcon tubes and were stored at -20°C 
until further use.  In order to estimate the total soluble phenolics, a standard curve 
was prepared using gallic acid (R&M Chemical, USA) as standard at different 
concentrations (0.0 mg ml-1, 0.2 mg ml-1, 0.4 mg ml-1, 0.6 mg ml-1, 0.8 mg ml-1 
and 1.0 mg ml-1).  Standards were produced freshly in 80% methanol by serial 
dilution of 10 mg ml-1 gallic acid.   
The reaction mixtures for the total phenolic assay contained 5 μl gallic acid 
standard or plant crude phenolic samples, 100 μl distilled water, 10 μl Folin 
Ciocaltaeu (FC) reagents (Sigma, USA) and 50 μl sodium carbonate (Na2CO3).  For 
blank reactions, an equal volume of 80% methanol was used to replace the 
standard and phenolic samples.  The solutions were placed (Thermo Scientific, 
Finnpipette F1) into individual wells of a 96-well plate (Orange Scientific, Belgium) 
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in triplicate reactions.  The mixtures were incubated at room temperature (25 ± 
2°C) for 2 hr, before measuring the absorbance at 765 nm using a microplate 
spectrophotometer (Thermo Scientific, MultiskanTM GO).  A standard curve of net 
optical density vs. gallic acid concentration (mg ml-1) was prepared (Appendix B1), 
and oil palm plantlets with unknown concentration of phenolics were determined 
by comparing their net A765nm values against the standard curve.  Total phenolic 
concentration in each plantlet was subsequently expressed as gallic acid equivalent 
in mg g-1 by using the formula below.   
𝐓𝐨𝐭𝐚𝐥 𝐏𝐡𝐞𝐧𝐨𝐥𝐢𝐜 𝐂𝐨𝐧𝐜𝐞𝐧𝐭𝐫𝐚𝐭𝐢𝐨𝐧 (𝐦𝐠 𝐠−𝟏) = 
 
Concentration (mg ml−1) x  Total sample extraction volume (ml)
Weight of sample (g)
 
 
 
4.2.5 Molecular Detection and Absolute Quantification of G. boninense ITS 
DNA in Oil Palm 
4.2.5.1 Preparation of G. boninense mycelia in liquid medium 
G. boninense, GBLS isolate was grown in MEB prior to DNA extraction as 
described by Idris et al. (2003).  Five mycelial plugs of the GBLS isolate were 
obtained from a 14 day-old GBLS grown on PDA culture plates.  The plugs were 
transferred using a sterile cork borer into a 50 ml Falcon tube containing 25 ml of 
MEB.  The mycelium culture was agitated (Yih Der, TS-520) at 120 rpm for 7 days 
at room temperature.  After incubation, the mycelium culture was harvested 
through centrifugation (Eppendorf, 5810R) at 10,000 g for 20 min.  The 
supernatant was discarded and the pellet was air-dried in a Biosafety Cabinet Class 
II (Esco Micro, Air Stream AC2-6E1) before grinding in liquid nitrogen. 
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4.2.5.2 Extraction and purification of DNA from G. boninense  
Extraction of G. boninense DNA was carried out according to Góes-Neto et 
al. (2005) with modification.  First of all, 500 μl pre-warmed (65°C) CTAB extraction 
buffer (100 mM Tris HCl at pH 8.0, 1.4 M NaCl, 2% CTAB, 20 mM EDTA and 1% 
PVP) was placed into a 1.5 ml tube containing 50 mg ground mycelial DNA.  The 
mixture was incubated at 65°C (Yih Der, BH320) overnight, with gentle vortexing 
(LMS, VTX-3000L) at 15 min intervals during the first hr of incubation to facilitate 
the lysis process of fungal cell walls.  On the second day, the solution was 
centrifuged down (Eppendorf, 5810R) at 10,000 g for 10 min, and the supernatant 
was transferred into a new 1.5 ml tube. The supernatant was homogenised with 
500 μl chloroform: isoamyl alcohol (24:1) (Bio Basic Inc, USA) in a chemical fume 
hood (Fisher Hamilton, SafeAire) and the mixture was centrifuged at 10,000 g for 
10 min to precipitate the proteins.  The clear top aqueous solution was recovered 
into a new 1.5 ml tube.  Then, 0.5 volumes (~500 μl) of isopropanol (R&M Chemical, 
USA) and 0.03 volumes (~ 200 μl) of 3 M sodium acetate (R&M Chemical, USA) 
were added to precipitate the nucleic acids.  The mixture was incubated at 4°C for 
15 min to allow DNA to precipitate, followed by centrifugation at 10,000 g for 15 
min at 4°C.  Supernatant was discarded and the remaining pellet was washed three 
times using ice cold 70% ethanol (SYSTERM®, Malaysia) and centrifuged at 10,000 
g for 5 min at 4°C during each step of washing.  DNA pellets were dried in a 
Thermomixer (Eppendorf, Thermomixer Comfort) at 37°C for 30 min.  A volume of 
30 μl nuclease-free water and 1 μl RNase A (Qiagen, Netherlands) were added to 
the pellet and the tube was further incubated at 37°C for 1 hr to dissolve the DNA 
and inactivate RNA residues.  GBLS DNA samples were stored at -20°C until further 
use.  
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4.2.5.3 Extraction and purification of DNA from oil palm plantlets  
Oil palm plantlets were washed prior to DNA extraction by grinding in liquid 
nitrogen according to Möller et al. (1992).  Powdered tissues (50 mg) were washed 
with 1 ml methanol containing 0.1% β-mercaptoethanol three times via 
centrifugation (Eppendorf, 5810R) at 10,000 g for 5 min between each washing 
step.  Supernatant was discarded and pellets were dried for at least 1 hr at room 
temperature, before adding 500 μl TES buffer (100 mM Tris, pH 8.0; 10 mM EDTA; 
2% SDS) and 2 μl 0.1 mg ml-1 Proteinase K solution (Worthington, USA).  The 
mixture was incubated at 60°C (Yih Der, BH320) for 1 hr with occasional mixing 
(LMS, VTX-3000L).  Subsequently, salt concentration of the mixtures was adjusted 
to 1.4 M with 140 μl 5 M sodium chloride and 65 μl 10% CTAB, followed by 
incubation for 10 min at 65°C.  Then, 700 μl chloroform: isoamyl alcohol (24:1) 
(Bio Basic Inc, USA) was added in a chemical fume hood (Fisher Hamilton, SafeAire).  
The combination was mixed before incubation on ice for 30 min.  After incubation, 
the solution was centrifuged at 10,000 g for 10 min at 4°C.  Supernatant was 
transferred into a new 1.5 ml tube, and 225 μl 5 M sodium acetate (R&M Chemical, 
USA) and 510 μl ice cold isopropanol (R&M Chemical, USA) were added.  The 
supernatant was kept on ice for at least 30 min for DNA precipitation.  After that, 
the tube was centrifuged and the supernatant was discarded.  The DNA pellet was 
washed twice with ice cold 70% ethanol (SYSTERM®, Malaysia), via centrifugation 
at 10,000 g for 5 min at 4°C during each step of washing.  DNA pellet was dried 
and dissolved in 30 μl nuclease-free water and 1 μl RNase A solution as described 
earlier in Section 4.2.5.2.  DNA samples of oil palm plantlets were stored at -20°C 
until further use. 
Before the PCR amplification of extracted DNA from GBLS and oil palm 
plantlets, the quantity and quality of DNA samples were measured with microplate 
spectrophotometer (Thermo Scientific, MultiskanTM GO).  Quantity of DNA was 
measured in ng μl-1 and quality (purity) of DNA was determined by using the ratio 
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of absorbance value at 260/280 nm (SkanItTM, Thermo Scientific).  An A260/280 
ratio of approximately 1.8 to 2.0 was considered pure.  
 
4.2.5.4 Polymerase chain reaction (PCR) amplification of G. boninense ITS 
DNA 
PCR amplifications were carried out according to Utomo and Niepold (2000).  
PCR master mix components were prepared in 20 µl reactions as follows: 1X Green 
GoTaq® Flexi Buffer, 1.5 mM MgCl₂, 0.2 mM dNTP and 0.06 U μl-1 GoTaq® Flexi 
DNA polymerase, 500 nM forward and reverse primers, 25 ng ul-1 DNA samples 
and nuclease free water.  Fungal primers GbF (5’-TTG ACT GGG TTG TAG CTG-3’) 
and GbR (5’-GCG TTA CAT CGC AAT ACA-3’) used in study were designed by 
Supramaniam (2015) based on the Gan1 and Gan2 primers used in the study of 
Karthikeyan et al. (2006).  These primers were designed from the ITS region 1 of 
the mRNA sequence of G. boninense; hence, they were practical to detect 
Ganoderma DNA specifically during PCR amplification.  
PCR was conducted using GBLS DNA as the positive control for the detection 
of GBLS in infected oil palm plantlets, while distilled water was used as template 
for the negative control. The PCR thermocycler (Eppendorf, Mastercycler Gradient) 
was programmed for 5 min of pre-heating at 95°C, followed by 40 cycles of 94°C 
for 40 s, 50°C for 30 s and 72°C for 45 s with a final extension at 72°C for 10 min.  
After PCR reactions, 15 µl PCR products were loaded onto 1.5% (w/v) agarose gel 
(1st Base, Singapore) which was stained with 3.0 µl SyBr Safe (Invitrogen, USA) in 
1x TBE buffer (1st Base, Singapore).  A volume of 5 µl GeneRuler 100 bp Plus DNA 
Ladder (Thermo Scientific, USA) was used as a DNA marker.  The gel was run at 
80 V (Biorad, PowerPac® Basic) for 1 hr and images of DNA bands were observed 
and captured with a UV transilluminator connected to the gel documentation XR 
System (Quantity One, Biorad). 
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4.2.5.5 DNA sequencing of PCR amplified G. boninense ITS sequence  
The ITS sequence of GBLS was amplified by primer set GbF/GbR and was 
gel purified before sequencing to verify the genetic information of the GBLS isolate.  
Gel bands of GBLS DNA were removed from the gel on a UV light box (PEQLAB, 
ECX-20C) and purified using GF-1 Nucleic Acid Extraction Kit (Vivantis, USA) 
according to manufacturer’s recommendations.  Concentrations of the DNA 
samples were quantified using a microplate spectrophotometer (Thermo Scientific, 
MultiskanTM GO), before sequencing the fragments of interest (1st Base Laboratories 
Sdn Bhd, Singapore).  Sequences were trimmed and analysed using Applied 
Biosystems Sequence Scanner Software v1.0, and were aligned with the Basal 
Local Alignment Search Tool (BLAST) program to search for the closest matches in 
the National Center for Biotechnology Information (NCBI) GenBank Database.   
 
4.2.5.6 Absolute quantification of G. boninense ITS DNA via real-time PCR 
amplification 
DNA of infected oil palm plantlets was quantified (Thermo Scientific, 
MultiskanTM GO) and diluted 20-fold in nuclease-free water to ensure that the final 
concentration of DNA templates in qPCR amplifications was between 3 – 5 ng µl-1.  
A standard curve of fresh, 10-fold dilution series (1 x 101, 1 x 100, 1 x 10-1, 1 x 10-
2, and 1 x 10-3 ng µl-1) of GBLS DNA was prepared in 100 µl volumes.  A volume of 
90 µl of nuclease free water was aliquoted into each dilution to make a final volume 
of 100 µl. 
Real-time PCR amplifications were conducted in Eco 48-well plates (Illumina) 
in a total volume of 10 µl using an Eco Real-Time PCR System 110V (Illumina).  
Each reaction mixture contained 1X KAPA SYBR FAST qPCR Kit Master Mix (2X) 
Universal (Kapa Biosystems), 200 nM GbF and GbR primers, 1 µl DNA template of 
infected plantlets and each of the serially diluted GBLS DNAs and nuclease free 
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water.  Non-template control (NTC) reactions contained the same mixtures, except 
1 µl of nuclease-free water was used to replace the DNA templates.  Reaction 
mixtures were pipetted into Eco 48-well plates with the support of an Eco loading 
dock (Illumina) and sealed with Eco adhesive seals (Illumina).  The set up was 
centrifuged (Eppendorf, 5810R) at 650 g for 2 min before running the Eco Real-
Time PCR System 110V.   
Thermal cycling conditions for DNA template amplifications were 95°C for 3 
min, followed by 40 cycles at 95°C for 5 s and 60°C for 30 s in order to detect and 
quantify the fluorescence at a temperature above the denaturation temperature of 
primer-dimers.  A melting curve temperature profile was programmed for one cycle 
at 95°C for 15 s, 55°C for 15 s and 95°C for 15 s.  Four individual reactions 
(technical replicates) were run for each biological sample of plant and fungal DNA 
templates respectively from infected plantlets and GBLS.  Cq values were calculated 
by Eco Real-Time PCR v4.0 software (Illumina) to show significant fluorescence 
signals that rise above the threshold level during early cycles of the exponential 
phase of qPCR amplifications.  A standard curve was obtained by plotting the Cq 
value versus logarithm of the concentration of each 10-fold dilution series of GBLS 
fungal DNA.  The relation between Cq and DNA concentration was analysed by 
correlation analyses.  Total amount of GBLS DNA in infected oil palm plantlets was 
calculated by comparing the Cq values to the crossing point values of the linear 
regression line of standard curve and was expressed as GBLS DNA equivalent in 
mg g-1.   
In order to confirm that only one PCR product was amplified in real-time 
PCR amplifications systems, reactions were analysed by 1.5% (w/v) agarose gel 
electrophoresis using 1 X TBE buffer at 80 V (Biorad, PowerPac® Basic) for 1 hr. 
DNA bands were observed with an UV transilluminator connected to a gel 
documentation XR System (Quantity One, Biorad).   
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4.2.6 Statistical Analysis 
In planta infection of oil palm plantlets was conducted in a complete 
randomised block design (CRBD) with three biological replicates for each treatment 
and for each time point.  For each biological replicate, three technical replicates 
were performed.  Each experiment was repeated three to four rounds.  All data 
were analysed statistically by one-way analysis of variance (ANOVA) using 
GraphPad Prism software version 5.02.  Significant differences among the 
treatments at P < 0.05 were determined by Tukey multiple comparison tests using 
Prism software.  Pearson’s correlation coefficient test was used to evaluate the 
relationships between the physical growth parameters (height, weight, root length, 
stem diameter and chlorophyll content), total phenolic contents and total GBLS 
DNA contents with the disease severity index of oil palm plantlets upon the infection 
by G. boninense.   
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4.3 RESULTS AND DISCUSSION 
4.3.1 Effect of G. boninense Pathogenesis on the Physiological Properties 
of Oil Palm 
Leaf senescence and the presence or absence of GBLS mycelium on stems 
were used to categorise oil palm plantlets into different disease severity classes, 
as these were the key visible symptoms that developed in plantlets within the 8 
day experimental period.  Figure 4.3 shows that disease scores of Ganoderma-
infected, T3 plantlets increased linearly to as high as 70.37% at the end of the 
experimental period, and was significantly higher (P < 0.001, Appendix C1) than 
T1 (7.41%) and T2 plantlets (25.00%), indicating that T3 plantlets are severely 
infected by G. boninense via the in planta infection system.  
 
Figure 4.3 Disease severity index (DSI) in oil palm plantlets within 8 days of 
incubation. Standard errors of mean (SEM) of replicate readings from three rounds 
of experiments was represented by the error bars.   
75 
 
High DSI values in T3 plantlets were supported by a number of previous 
artificial infection studies of oil palms with G. boninense, where the rises in disease 
severity of oil palms were closely associated with the presence of G. boninense, 
GBLS and the duration of infection (Sapak et al., 2008; Mohd As’wad et al., 2011; 
Kok et al., 2013).  However, the disease severity scored in infected and control oil 
palms in previous studies were significantly different after 10 to 14 weeks post-
inoculation (Mohd Zainudin and Abdullah, 2008; Kok et al., 2013), with the shortest 
duration of 5 weeks post-inoculation reported by Naher et al. (2012a).  As 
compared to their studies, DSI scores in T1 and T3 plantlets of the present study 
were significantly different (P < 0.05) from one another after 2 DPI, justifying the 
efficiency of the in planta infection assay.  
From Figure 4.3, apparent disease scores were detected in T1 and T2 
plantlets at low levels at the end of the experiment (7.41% and 25.00% 
respectively), as a result of leaf senescence due to mechanical injury during the 
transfer of plantlets and artificial wounding process (Philosoph-Hadas et al., 1994).  
Previous studies explained that the wounding of plants could stimulate the rate of 
ethylene production and plant respiration that lead to chlorophyll degradation and 
leaf senescence (Rushing, 1990; Philosoph-Hadas et al., 1994).  Besides this, in 
the present study wounding processes in T2 plantlets were performed on the basal 
stem region, which impaired the internal xylem and disrupted the water 
translocation system, ultimately causing leaf senescence in T2 plantlets.  Since 
early symptoms of Ganoderma infection in oil palm were similar to wilting effects, 
it was essential to wound the oil palm plantlets artificially in the experiment so that 
the symptoms that arose from the wounding effects and those of infection by G. 
boninense could be differentiated. 
However, there were no apparent differences (P > 0.05, Appendix C2-C5) 
in the height, weight, root length and stem diameters of oil palm plantlets under 
different treatments (T1, T2 and T3) over 8 days of incubation (Figure 4.4).   
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Figure 4.4 (A) Height, (B) weight, (C) root length and (D) stem diameter of oil palm 
plantlets within 8 days of incubation. SEM of replicate readings from three rounds 
of experiments was represented by the error bars. 
The height, weight and root lengths were weakly correlated (R < 0.25) with 
the disease severity index of oil palm plantlets, and there were no significant 
differences (P > 0.05) between their correlations (Table 4.2).  The observation 
period in this experiment was probably too short for these growth characteristics 
to have significant changes, despite different treatments that were conducted on 
the oil palm plantlets.  Similar results were reported in a previous study on healthy 
regeneration of oil palm plantlets that were maintained in MS culture medium after 
4 to 6 weeks (Suranthran et al., 2011), where no significant changes were found 
in plant height, stem diameter and root lengths.  In addition, a former in vivo 
infection study in oil palm by Ganoderma showed significant changes in the plant 
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height, stem diameter and root mass of oil palm only after 8 months of infection 
(Sapak et al., 2008).  
Table 4.2 Correlations between the physical growth parameters and disease 
severity index in oil palm plantlets. 
Growth Parameters 
Disease Severity Index (DSI) 
Pearson R R2 P value  Summary 
Height -0.1093 0.01194 0.4749 ns 
Weight -0.1942 0.03770 0.2012 ns 
Stem diameter 0.3175 0.1008 0.0336 * 
Root length 0.2193 0.0481 0.1477 ns 
Chlorophyll content -0.9299 0.8646 <0.0001 *** 
 
Nevertheless, stem diameters of T2 (4.89 mm) and T3 (4.64 mm) plantlets 
were greater than T1 (4.36 mm) in overall observations (Figure 4.4D).  The stem 
diameter of oil palm plantlets was positively correlated with disease severity (R = 
0.3175, P < 0.05) (Table 4.2), where an increase of disease severity resulted in a 
10.08% increase in oil palm stem diameter [r2: (0.3175)2 x 100].  This indicated 
that stem regions of T2 and T3 plantlets were swollen due to both mechanical injury 
and fungal infection.  Swelling effects on plant stems due to wounding and infection 
were also reported in Pinus spp., where a massive destruction of the internal tissues 
including cambial zone, secondary phloem and xylem was observed (Liphschitz and 
Mendel, 1989; Nagy et al., 2000).   
On the other hand, foliar conditions (the intensity of green colour and 
quantity of chlorophyll) are good indicators for plant health, as healthy plants 
normally have a higher quantity of chlorophyll content and greener leaves as 
compared to the diseased plants.  Leaf chlorophyll content is one of the 
photosynthetic parameters that link directly to the senescence process, which can 
be used to verify chlorosis of leaves and yellowing development in oil palm plantlets.  
However, standard methods for the quantification of chlorophyll content in foliar 
tissues are time consuming and destructive to plant samples (Coste et al., 2010), 
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making further analyses of plant specimens impossible.  With advanced 
technologies, foliar greenness could be measured in a relatively simple, rapid, 
inexpensive and non-destructive manner using a chlorophyll meter such as SPAD-
502 by Konica Minolta, Osaka, Japan.  Chlorophyll meter SPAD-502 is a lightweight 
handheld spectrophotometer and is sensitive to the chlorophyll pigments in leaves.  
The signal is accepted by a microprocessor and computed into a unit-less SPAD 
(Soil Plant Analysis Development) value (Wood et al., 1993a).  According to Krugh 
et al. (1994), chlorophyll meter SPAD-502 can be used to classify foliar “greenness” 
of a plant.  In their study on maize, mean SPAD values of 17.35 and 40.02 were 
obtained for yellow-green and green foliar respectively.  Nevertheless, this meter 
was unable to pick up chlorophyll content in yellow foliar tissue, suggesting a 
possible “yellow” class of foliar tissues would be scoring SPAD values that are very 
near to 0.  Higher SPAD value represents higher levels of chlorophyll content 
present in oil palm leaves and vice versa (Santos, 2001).   
In Figure 4.5, it was observed that the SPAD value of T1 plantlets was higher 
(SPAD 30 and above) and remained constant throughout the experimental period.  
In contrast, the SPAD values of T2 and T3 plantlets were reduced almost linearly, 
with T3 plantlets having the lowest SPAD values consistently. This signified that 
wounding and infection reduced chlorophyll contents in leaf tissues of oil palm.  
SPAD values of T3 plantlets were significantly lower than of T1 (P < 0.001) and T2 
plantlets (P < 0.01) on Day 8 (Appendix C6).  Besides, there was a significant 
negative correlation between the chlorophyll content and disease severity (R = -
0.9299, P < 0.001) (Table 4.2).  The value of r2 [(-0.9299)2 x 100] indicated that 
the increase of DSI led to a decrease in leaf chlorophyll content in oil palm plantlets 
by 86.37%.  
Similar results were obtained in previous infection studies on Vitis vinefera, 
where infection by compatible fungal pathogens reduced chlorophyll content in 
leaves (Santos et al., 2005).  Reduction in leaf chlorophyll contents are commonly 
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noticed in wounded Arabidopsis (Riou et al., 2002) and infected plants  (Seo et al., 
2000; Milavec et al., 2001; Scarpari et al., 2005).  This phenomenon is directly 
correlated with a decline in the level of chlorophyll a and b photosynthetic pigments 
(Scarpari et al., 2005; Santos et al., 2005) and an increase in carotenoid to 
chlorophyll ratio (Milavec et al., 2001).  These chlorophyll pigments are degraded 
by H2O2 and phenolic compounds (Smart, 1994).  In the current study, reduction 
of chlorophyll content was the first symptom that was observed in wounded and 
infected plantlets as compared to the other physical symptoms.   This was because 
plant chloroplasts consist of the highest amount of proteins in leaf cells, which 
makes them the first organelle to undergo catabolism during leaf senescence upon 
mechanical stress and infection (Quirino et al., 2000).   
 
Figure 4.5 Chlorophyll contents of oil palm plantlets within 8 days of incubation. 
SEM of replicate readings from three rounds of experiments was represented by 
the error bars.   
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4.3.2 Effect of G. boninense Pathogenesis on the Degree of Colonisation at 
the Site of Infection by Microscopy Observation  
Results of physical measurements in treated oil palm plantlets were further 
supported by staining of the internal stem tissues of these plantlets with 
lactophenol blue and observation under light microscopy. Microscopic examinations 
revealed that the internal stem tissues of T1 plantlets remained healthy and 
unstained throughout the experimental period (Table 4.3 and 4.4).  Meanwhile, in 
T2 plantlets, internal stem structures were disrupted and mild lesions were 
detected after 6 days of incubation.   
In contrast, internal stem tissues of T3 plantlets gradually deteriorated from 
2 DPI as the size of necrotic lesions increased.  On Day 8, internal stems of T3 
plantlets were severely colonised (Table 4.3) and intensively stained with 
lactophenol blue (Table 4.4) as compared to T1 and T2 plantlets.  This observation 
was in agreement with previous studies conducted by Rees et al. (2007, 2009), as 
the internal tissues of infected oil palms were a darker brown colour and necrosis 
was detected at the parenchyma tissues of the bole region.  Previous studies also 
described that the anatomy of healthy and Ganoderma-colonised cell walls of oil 
palm were different under transmission electron microscopy (TEM) observations, 
where multiple cell wall layers were degraded in localised tissues associated with 
fungal hyphae (Rees et al., 2009).  
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Table 4.3 Microscopy observations on the site of infection of oil palm plantlets 
before staining with lactophenol blue dye. 
Day of 
Treatment 
T1 T2 T3 
0 
   
2 
   
4 
   
6 
   
8 
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Table 4.4 Microscopy observations on the site of infection of oil palm plantlets after 
staining with lactophenol blue dye. 
Day of 
Treatment 
T1 T2 T3 
0 
   
2 
   
4 
   
6 
   
8 
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4.3.3 Effect of G. boninense Pathogenesis on the Total Phenolic Content in 
Oil Palm 
Phenolic compounds act as plant protective agents, natural toxicants and 
inhibitors towards invading plant pathogens in normal circumstances (Lattanzio et 
al., 2006).  Figure 4.6 shows the total phenolic content that accumulated in oil 
palm plantlets of all three treatments after 8 days of incubation.  In T1 plantlets, 
total phenolics were present at relatively low levels and maintained at constitutive 
amounts as compared to T2 and T3 plantlets, which elicited a significant rise (P < 
0.001, Appendix C7) in total phenolic content from Day 4 onwards.  However, total 
phenolic contents in T2 and T3 plantlets were not significantly different from each 
other (P > 0.05).  The correlation between the total phenolic content and DSI was 
significantly positive (R = 0.5762, P < 0.001), where an increase of DSI resulted 
in a 33.2% increase of total phenolic content in oil palm plantlets [r2, (0.5762)2 x 
100] (Table 4.5).  
These results are similar to numerous studies on the total phenolic profiles 
in different plants, where the phenolic contents normally increased upon wounding 
(Ke and Saltveit, 1989; Becerra-Moreno et al., 2012) and infection by compatible 
pathogens (Datta and Lal, 2012; Ngadze et al., 2012; Mikulic-Petkovsek et al., 
2014).  According to Bhattacharya et al. (2010), common active phenolic 
compounds found in plants are terpenoids, hydroxybenzoates, hydroquinones, 5-
hydroxynapthoquinones and hydroxycinnamates.  In oil palm, dienic alcohols 
derived from methyl lineolate, accumulated in young trees during early infection 
with Fusarium oxysporum f. sp. elaeidis (Diabate and Taquet, 1990).   Meanwhile, 
Chong (2010) identified the principal phenolic compounds in oil palm infected with 
G. boninense, which included syringic acid (SA), 4-hydroxybenzoic acid (4-HBA) 
and caffeic acid (CA).   
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Figure 4.6 Total phenolic contents in oil palm plantlets within 8 days of incubation. 
SEM of replicate readings from three rounds of assays was represented by the error 
bars. 
 
Table 4.5 Correlations between the total phenolic content and disease severity 
index in oil palm plantlets. 
 
Disease Severity Index (DSI) 
Pearson R R2 P value  Summary 
Total Phenolic 
Content 
0.5762 0.3320 <0.0001 *** 
 
At 6 DPI, the concentration of phenolics declined n T3 plantlets, suggesting 
that the presence of G. boninense could stimulate the production or accumulation 
of phenolics during early development of infection, but utilised these compounds 
later in the time course (Mohamad Arif et al., 2007; Chong et al., 2012).   In their 
studies, the concentration of total phenolics was elicited in oil palms after the 
infection by G. boninense, but was reduced at week 4-5 post-inoculation.  This 
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could be due to the ability of G. boninense to metabolise phenolic acids that were 
present at low levels in plants (Chong et al., 2012).  The ability to metabolise 
phenolic compounds has also been detected in the soft-rot fungi, Phiuluphora 
mutabilis and Petriellidium boydii, they were able to break down syringic acid 
efficiently within 12 hr after an infection of the host plants (Eriksson et al., 1984).   
 
4.3.4 Molecular Detection of G. boninense ITS DNA in Oil Palm Plantlets  
4.3.4.1 PCR amplification of G. boninense ITS DNA  
Based on Figure 4.7, GBLS ITS DNA was successfully detected using GbF 
and GbR primers, where fungal DNA bands of ~167 bp were amplified from T3 
plantlets at all-time points throughout the experimental period (Lane 3, 6, 9, 12 
and 15), indicating that G. boninense was present in T3 plantlets.  In contrast, 
there were no amplifications of fungal DNA in T1 and T2 plantlets throughout the 
8 days of incubation, confirming that G. boninense was absent in these plant 
samples.   
This result was in agreement with previous findings (Utomo and Niepold, 
2000), where the ITS region of Ganoderma (167 bp) was amplified in infected oil 
palm roots using Gan1 and Gan2 primers.  In Ganoderma-infected coconut palms, 
a PCR product of 167 bp was also detected in the DNA samples of infected palms 
amplified by Gan1 and Gan2 primers (Karthikeyan et al., 2006; 2007).  
Interestingly, the intensity (thickness and brightness) of DNA bands on gel 
electrophoresis of T3 plantlets were not uniform, suggesting that the quantity of 
fungal DNA in oil palm plantlets varied at different time points.  This was justified 
later by the absolute real-time PCR amplifications in Section 4.3.5.  From Figure 
4.7, the presence of G. boninense in T3 plantlets was not due to false positive DNA 
fragments or contamination from any possible sources as there was no PCR signal 
in the negative control (Lanes 18-19).  
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Figure 4.7 PCR amplifications of oil palm DNA. Lane 1-3, 4-6, 7-9, 10-12, and 13-
16: DNA samples of oil palm plantlets from Day 0, 2, 4, 6 and 8 under different 
treatments (T1, T2 and T3) respectively.  Lane 16-17: Positive control, GBLS fungal 
DNA. Lane 18-19: Negative control.  Samples showed a band at 167 bp (arrow) 
indicated the presence of G. boninense DNA.  
 
4.3.4.2 DNA sequencing of PCR-amplified G. boninense ITS sequences 
A product of 167 bp that was amplified from GBLS DNA was sequenced and 
analysed with BLASTN program.  From BLASTN, GBLS ITS DNA was 171 bp in 
length (Table 4.6) and scored 99% similarity flanking over 87% of eight different 
homologous Ganoderma ITS DNA sequences (Table 4.7); hence the amplified DNA 
bands in infected oil palm plantlets were confirmed as G. boninense sequence.  In 
addition, E-values of the homologous sequences showed that the alignments were 
significant. 
Good sequencing trace data is normally demonstrated by continuous, long 
stretch quality value (QV) of basecall and well defined peaks in the chromatogram, 
with no or limited background signals.  From this study, the quality of the GBLS 
ITS sequence was promising because the quality value of this sequence was high 
(trace scores = 54), and the Contiguous Read Length (CRL) was 129 bp out of 171 
bp (75.4% of full length sequence) (Table 4.6).  In addition, a good quality 
chromatogram with evenly-spaced peaks and minimal baseline noise was 
generated from the sequencing (Figure 4.8). 
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Figure 4.8 DNA sequencing chromatogram of PCR amplified GBLS DNA sequences. 
Signal peaks with different colours indicating different type of base pairs detected 
from sequencing analysis, A = green, T = red, G = black and C = blue. 
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Table 4.6 DNA sequencing of GBLS ITS DNA products that amplified from conventional PCR. 
Gene DNA Sequence 
Length 
(bp) 
GC 
Content 
(%) 
Trace 
Score 
(QV) 
Contiguous 
Read 
Length 
(CRL) 
GenBank 
Accession 
No. 
GbITS14 
GATTTTTTCCATTTAGAAAATACTGCTCTCCACTCTACACCTGTGCA
CTTACTGTGGGTTATAGATCGTGTGGAGCGAGCTCGTTCGTTTGAC
GAGTTCGCGAAGCGCGTCTGTGCCTGCGTTTTATCACAAACACTAT
AAAGTATTAGAATGTGTATTGCGATGTAACG 
171 44 54 129 bp KF164430.1 
 
Table 4.7 Homologous sequences producing significant alignments from NCBI GenBank Database with GBLS DNA sequence.   
 
Description Max Score Total Score 
Query 
Cover 
E-
value 
Max 
identity 
Accession 
No. 
1 Ganoderma sp. GB-1, ITS 1 & 2 rRNA gene 270 270 87% 3e-69 99% AY220542.1 
2 Ganoderma sp. BJ-8, ITS 1 & 2 rRNA gene 270 270 87% 3e-69 99% AY220540.1 
3 Ganoderma sp. AD-1, ITS 1 & 2 rRNA gene 270 270 87% 3e-69 99% AY220537.1 
4 Ganoderma sp. BS-72, ITS 1 & 2 rRNA gene 265 265 87% 1e-67 99% JN400515.1 
5 Ganoderma sp. BL-94, ITS 2 rRNA gene 265 265 87% 1e-67 99% JN400511.1 
6 Ganoderma sp. C16452, ITS 1 & 2 rRNA gene 265 265 87% 1e-67 99% EU239386.1 
7 Ganoderma boninense strain FA5017, ITS 1 rRNA gene 265 265 87% 1e-67 99% EU841913.1 
8 Ganoderma boninense strain FA5035, ITS 1 rRNA gene 265 265 87% 1e-67 99% EU701010.1 
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4.3.5 Absolute Quantification of G. boninense ITS DNA in Oil Palm Plantlets 
Although PCR amplifications of GBLS ITS DNA was useful to detect and 
confirm the presence of G. boninense in infected plantlets, the quantification of G. 
boninense DNA in these plantlets was not possible using conventional PCR.  Hence, 
absolute quantification via real-time PCR amplifications (qPCR) was conducted 
using genomic DNA of infected plantlets and GBLS DNA as standard.  Since no PCR 
products were observed in the DNA samples of healthy (T1) and wounded (T2) 
plantlets after the amplification using GbF and GbR primers, qPCR assays were 
specifically performed on infected (T3) plantlets only.  qPCR assays have been used 
to quantify fungal DNA in host tissues since early 2000 (Schena et al., 2004), such 
as in Phomopsis longicolla and Diaporthe phaseolorum in soybean seeds (Zhang et 
al., 1999), Helminthosporium solani in potato tubers (Cullen et al., 2001), 
Pyrenophora teres in barley seeds (Bates et al., 2001) and Magnaporthe grisea in 
rice (Qi and Yang, 2002).  This approach is robust, precise and powerful to detect 
fungal DNA as little as 20 fg in host plants after relatively short inoculation periods 
(from 6 to 8 hr post-inoculation) as reported by Samuelian et al. (2011).   
 
4.3.5.1 Performance of absolute real-time PCR quantification 
Amplification specificity of primers GbF and GbR in real-time PCR was 
confirmed by melting curve analysis as shown in Figure 4.9.  The qPCR products 
displayed a sharp fluorescent peak at 85°C in the melting curve analysis, indicating 
that a single product at a specific melting temperature was detected during the 
amplifications.  
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Figure 4.9 (A-B) Melting curve profiles of (A) G. boninense (GBLS) DNA and (B) T3 
plantlets DNA. The negative derivative of fluorescence with respect to temperature 
was plotted as –dF/dT versus temperature to obtain a graphical representation of 
the melting peaks. 
 
A non-specific fluorescence peak at lower amplitude was detected in the 
melting curve analysis during the amplification of genomic DNA of GBLS and T3 
plantlets at ~77°C.  This indicated that non-specific PCR products may be present 
in the analysed temperature range in this experiment.  Non-specific PCR products 
detected from the melting curve analysis could be due to several reasons, including 
low melting temperature (Tm) of the fungal primers used (GbF: 51.91°C and GbR: 
50.34°C) (Chung, 2004).  PCR primers with higher Tm values are normally more 
effective at binding to DNA templates, hence reducing the chances of binding to 
other DNA sequences (Chung, 2004).  However, the presence of strong fluorescent 
peaks at 85°C clearly indicated the validity of the quantification method. 
In addition, the standard curve of this real-time PCR amplification showed 
a linear relationship (r2 = 0.995) between the log values of GBLS DNA and qPCR 
threshold cycles (Cq) (Figure 4.10), indicating that an increase in the DNA template 
quantity correlated with the decrease in Cq value.  A standard curve provides 
reliable information of the PCR efficiency of qPCR assay.  In the present study, the 
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slope and PCR efficiency obtained from the standard curves were -3.48 and 93.66 
± 0.18% respectively, which was ideally fitted into the acceptable range as 
recommended by Bustin et al. (2012) (slope of -3.2 to -3.5, PCR efficiency of 90 
to 105%). 
 
Figure 4.10 Standard curve of absolute quantification of GBLS ITS DNA in infected 
oil palm plantlets.  Curve obtained by plotting the concentration of G. boninense 
(GBLS) DNA versus the cycle number required to elevate the fluorescence signal 
above the threshold (0.02). 
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4.3.5.2 Quantification of GBLS ITS DNA content in infected oil palm 
plantlets 
The real-time PCR amplification assay in this study successfully quantified 
the amount of G. boninense (GBLS) ITS DNA in T3 plantlets over different 
experimental periods.  From Figure 4.11, significant increases of GBLS ITS DNA 
were detected in T3 plantlets at 6 DPI (P < 0.01) and 8 DPI (P < 0.001) at 121.5 
mg g-1 and 757.15 mg g-1 respectively (Appendix C8).  In contrast, GBLS ITS DNA 
was detected at relatively low levels in T3 plantlets at 0, 2 and 4 DPI as compared 
to 6 and 8 DPI.  Additionally, the quantity of GBLS DNA in T3 plantlets was 
positively correlated to the DSI (R = 0.7343, P < 0.01) (Table 4.8).  The value of 
r2 [(0.7343)2 x 100] indicated that the increase in GBLS ITS DNA content led to the 
increase of disease severity in infected plantlets by 53.92%.  These results show 
that GBLS mycelium accumulated in T3 plantlets during the later stages of the time 
course, indicating that G. boninense GBLS was growing within the plantlets.  Similar 
patterns of fungal growth were detected by qPCR in Magnaporthe oryzae-infected 
susceptible rice cultivars determined within 6 days of the inoculation period (Qi and 
Yang, 2002).  In addition, an increase in Peronospora parasitica (downy mildew 
fungus) quantity in Arabidopsis was observed after 4 DPI via qPCR analysis 
(Brouwer et al., 2003).  Hence, evidence of G. boninense growth within infected oil 
palm plantlets throughout the experimental period was provided.  
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Figure 4.11 Quantity of G. boninense (GBLS) DNA in infected oil palm plantlets at 
different experimental period.  SEM of four replicate readings was represented by 
error bars.  Column with different alphabetic letters was significantly different at P 
< 0.001 by Tukey Multiple Comparison Test.  
 
Table 4.8 Correlations between the total GBLS DNA amount and disease severity 
index in oil palm plantlets. 
 
Disease Severity Index (DSI) 
Pearson R R2 P value  Summary 
Total GBLS DNA 
Content 
0.7343 0.5392 0.0018 ** 
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Overall, a strong relationship between the reduction in leaf chlorophyll 
content, deterioration of internal stem tissues, and escalation in DSI, total phenolic 
content and GBLS DNA amounts was observed in infected (T3) plantlets. This was 
absent in control (T1) and wounded (T2) plantlets.  Hence, the in planta infection 
assay offered a time effective approach (8 days) for studies of early disease 
development in oil palm plantlets.  
Future studies for the evaluation of the infection mechanism of G. boninense 
and defence responses in oil palm during the early stages of infection are thus 
feasible with the application of the in planta infection assay.  In the subsequent 
experimental chapters, this infection assay has been used to study the early 
defence response of the lignin biosynthesis pathway in axenic young oil palm during 
the infection of G. boninense.  According to Koutaniemi et al. (2007), similar 
monolignol biosynthesis pathways were operating in both cultured tissues and 
mature xylem samples of spruce, as the monolignol biosynthesis genes were evenly 
expressed between the two samples of different maturity.  Therefore, it was 
possible to provide an insight and overview of the lignin biosynthesis process in oil 
palm during the infection of G. boninense using miniature oil palm clones with the 
application of this in planta infection system.  
Nevertheless, the in planta infection assay has several limitations, such as 
the total amount of G. boninense mycelium inoculated in oil palm plantlets 
(measured by the area of G. boninense mycelium) was not absolute and definite.  
It is recommended that other approaches such as syringe injection of a defined 
volume of G. boninense mycelial suspension could be investigated as an alternative 
inoculation of fungal inoculum into oil palm plantlets.  Besides this, the infection 
assay can be improved by comparing the symptoms in oil palm plantlets infected 
with different pathogenic isolates of G. boninense, since the pathogenicity of G. 
boninense is determined genetically and may induce a different result in the BSR 
disease response in oil palm. 
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Besides, detection and identification of G. boninense in infected plantlets by 
using PCR and qPCR approaches could be improved by implementing the use of 
internal amplification controls (IACs) in the reaction as suggested by Hoorfar et al. 
(2004) and Paterson (2007b). An IAC is a non-target nucleic acid sequence present 
in the sample reaction and is co-amplified together with the target sequence.  
According to Paterson (2007b), IAC uses the same primer as the target sequence 
during PCR amplification, but will not coincide on the gel with the target gene 
product.  During normal PCR amplification without an IAC, a negative result (no 
amplification of product) can indicates that the target gene was absent in the 
reaction, or the amplification was inhibited by several factors, including 
inappropriate PCR mixture, fault in the PCR thermal cycler, poor polymerase 
activity and the presence of inhibitory compounds in the reaction mixture (Hoorfar 
et al., 2004).  Hence, it was necessary to apply an IAC in PCR and qPCR detection 
and quantification of G. boninense in oil palm in the future to minimise the chances 
of having false negative results. 
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CHAPTER 5 
EFFECT OF GANODERMA BONINENSE INFECTION ON THE PROFILES OF 
LIGNIN BIOSYNTHESIS ENZYMES AND GENES IN OIL PALM 
 
5.1 INTRODUCTION 
Lignin is synthesised from the core structures (phenylalanine) of the 
phenylpropanoid pathway by the PAL enzyme via a series of methylations, 
hydroxylations and reductions (Kärkönen and Koutaniemi, 2010) as reviewed in 
Section 2.4.2.  Apart from PAL, there are other enzymes involved in the lignin 
biosynthesis pathway, such as C4H, 4CL, HCT, C3H, CCoAOMT, CCR, CAD, F5H and 
COMT (Boerjan et al., 2003; Vanholme et al., 2010).  According to Moura et al. 
(2010) and Baxter and Stewart (2013), genes that encode these enzymes in 
wounded and diseased plants are expressed differentially when compared to 
healthy plants, where they are either up- or down-regulated to a certain extent at 
specific timings.  These changes ultimately lead to different levels of enzyme 
activities for lignin biosynthesis in plants under mechanical and biotic stresses.  
Hence, it was hypothesised in this study, that the activities of lignin biosynthesis 
enzymes and the expression profiles of lignin biosynthesis genes would be different 
in wounded and infected oil palm plantlets as compared to control plantlets.  
 This experimental chapter aimed to 1) quantify the activities and relative 
expression levels of lignin biosynthesis enzymes and genes to 2) evaluate their 
roles in the regulation of defence responses in young oil palms upon infection with 
G. boninense.  Lignin biosynthesis enzymes and genes of interest in this study were 
phenylalanine ammonia lyase (EgPAL), cinnamate 4-hydroxylase (EgC4H), caffeic 
acid O-methyltransferase (EgCOMT) and cinnamyl alcohol dehydrogenase (EgCAD).  
PAL and C4H are the first two enzymes responsible for the regulation of overall 
changes at the start of the lignin biosynthesis pathway (Section 2.4.4.1 and 
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2.4.4.2).  Meanwhile, COMT and CAD are involved in the downstream regulation of 
direct precursors of lignin monomers in the pathway (Section 2.4.4.3 and 2.4.4.4).  
Hence, these four lignin biosynthesis enzymes and genes were evaluated in this 
chapter to provide an insight into the changes in the oil palm lignin biosynthesis 
pathway during mechanical and biotic stresses from the infection by G. boninense.  
PAL, C4H, COMT and CAD enzymes were extracted from oil palm plantlets by 
biochemical assays.  Then, the activities of these enzymes were quantified via 
colorimetric assays with specific enzyme substrates.  At the same time, total 
protein content in oil palm plantlets was also determined using basal serum albumin 
(BSA) protein standard and Bradford reagents. 
The gene expression levels of the four enzymes involved in lignin 
biosynthesis of oil palm were examined through qPCR analysis.  Before the 
quantification of the expression levels, total RNA in oil palm plantlets was extracted 
using the Trizol-based method and were converted into cDNA templates using a 
cDNA synthesis kit.  These genes were then amplified, sequenced and aligned with 
homologous sequences in GenBank to identify the target genes.  For relative-qPCR 
analysis, EgActin and EgCyP genes encoding for oil palm actin and cyclophilin were 
selected as the reference genes as suggested by Tee et al. (2013).  Subsequently, 
the quantity and patterns of gene expressions were compared and correlated with 
the activities of corresponding enzymes for lignin biosynthesis.  Roles of the 
biosynthesis genes and their regulation during lignin biosynthesis in oil palm upon 
infection by G. boninense were also evaluated and discussed.  
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5.2 MATERIALS AND METHODS 
5.2.1 Activities of Oil Palm Lignin Biosynthesis Enzymes  
5.2.1.1 Extraction of enzymes for the biosynthesis of lignin  
PAL and CAD enzymes were extracted based on the method of Morrison et 
al. (1994) with modifications.  A volume of 250 mg of oil palm plantlets was 
homogenised in 6 ml ice-cold extraction buffer containing 0.1 M Tris-HCL (pH 7.6), 
2 mM β-mercapthoethanol and 0.5% poly(ethylene)glycol (PEG).  Samples were 
transferred into 15 ml Falcon tubes and were sonicated in an iced-water bath for 
15 min at 37 kHz and 40 W acoustic power.  Throughout 15 min of sonication, the 
sonicator was paused for 30 s at each min interval to maintain low temperature.  
Extracted samples were stored overnight at 4°C before they were centrifuged at 
8000 g for 15 min at 4°C.   
C4H enzyme was extracted according to Lamb and Rubery (1975) with 
minor adjustment.  Oil palm plantlets (0.5 g) were homogenised in 5 ml ice-cold 
200 mM potassium phosphate buffer (pH 7.5) containing 2 mM β-mercaptoethanol.  
The homogenate was filtered (Whatman, USA) and centrifuged at 8000 g for 15 
min at 4°C.   
COMT enzyme was extracted from oil palm plantlets as described by Inoue 
(1998).  Firstly, 0.5 g of plantlets were ground in liquid nitrogen before adding 1.5 
ml of ice-cold extraction buffer containing 100 mM Tris-HCL (pH 7.5), 0.2 mM MgCl2, 
10% (v/v) glycerol and 2 mM dithiothreitol (DTT).  The extraction mixture was 
incubated at 4°C for 1 hr and was centrifuged at 8000 g for 10 min at 4°C. 
All supernatants were transferred into new 15 ml Falcon tubes after the 
extraction processes and stored at -20°C as crude enzymes. 
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5.2.1.2 Quantification of the activities of lignin biosynthesis enzymes  
PAL enzyme was quantified as the rate of conversion of L-phenylalanine to 
trans-cinnamic acid as described by Morrison et al. (1994).  Reaction mixture (150 
µl) containing 125 µl of 0.1 M Tris-HCl buffer (pH 8.5) with 12 mM L-phenylalanine 
and 25 µl of crude enzyme, was incubated at 30°C for 60 min.  Optical density 
(O.D.) was monitored at 290 nm and the quantity of trans-cinnamic acid formed 
was calculated by the Beer-Lambert law using its extinction coefficient (E290nm = 
9.63 mM-1 cm-1). 
C4H enzyme was determined by measuring the oxidation rate of co-factor, 
NADPH, according to Kumar et al. (2013).  A total assay mixture (150 µl) was made 
up of 50 mM potassium phosphate buffer (pH 7.5), 10 µM NADPH, 10 µM trans-
cinnamic acid and 25 µl of crude enzymes.  Assay mixture was incubated at 30°C 
for 30 min at 80 rpm (Grant Bio, PS-M3D), before the reaction was terminated with 
5 µl of 6 M HCl and the pH was adjusted to 11 using 6 M NaOH.  Absorbance reading 
was measured at 340 nm spectrophotometrically and the oxidation rate of NADPH 
was calculated by the Beer-Lambert law with relative extinction coefficient (E340nm 
= 6.22 mM-1 cm-1). 
COMT enzyme activity was evaluated by quantification of the production of 
ferulic acid from enzymatic reactions as recommended by Guo (2001).  In this 
assay, reaction mixture was made up of 5 µl of 0.6 mM [14CH3]–S-adenosyl-L-Met, 
5 µl of 1 mM caffeic acid, 30 µl assay buffer (100 mM Tris-HCl, 0.2 mM MgCl2, 10% 
glycerol and 2 mM DTT) and 5 µl crude enzyme.  Enzyme reaction was carried out 
at 30°C for 30 min and the reaction was terminated using 50 µl of 0.2 M HCl and 
was incubated at 37°C for 10 min.  Total amounts of ferulic acid was quantified 
spectrophotometrically using the Folin-Ciocalteu reaction as described by Jadhav 
et al. (2012) with modifications.  Reaction mixture of 10 µl COMT assay samples 
or ferulic acid standard (Sigma-Aldrich, USA) ranging from 20 to 100 µg ml-1, 20 
µl 15% Na2CO3, 5 µl FC reagent (Sigma-Aldrich, USA) and 65 µl dH2O were 
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incubated at 25°C for 2 hr before the measurement of absorbance reading at 765 
nm.  Calibration curves were plotted by considering the absorbance readings of 
ferulic acid standard against their corresponding concentration by linear of least 
square regression analysis (Appendix B4). 
CAD enzyme was assayed by the rate of oxidation of co-factor, NADPH as 
described by Morrison et al. (1994).  Reaction mixture (246 µl) was prepared with 
115 µl 0.1 M potassium phosphate buffer (pH 7.6), 5 µl 20 mM zinc sulphate 
heptahydrate, 60 µl crude enzyme, 60 µl 1 mM NADPH and 6 µl 1 mM 
cinnamaldehyde.  Rate of conversion of NADPH to NADP+ was recorded 
spectrophotometrically at 340 nm during 0 and 15 min of incubation at 30°C.  The 
rate of NADPH oxidation was measured by the Beer-Lambert law with relative 
extinction coefficient (E340nm = 6.22 mM-1 cm-1). 
For blank reaction mixtures, equal volumes of distilled water were used to 
replace crude enzymes in individual enzyme assays while all other parameters 
remained the same.  For PAL, C4H and CAD, enzyme activities were expressed as 
the international units (U) by the conversion of absorbance values using the 
formula stated below, and one activity unit was defined as the amount of enzyme 
required to produce 1 μmol of product per minute and was expressed as O.D. min-
1 mg-1 protein.  Meanwhile, COMT enzyme was expressed as ferulic acid equivalent 
in µg ml-1.  
Unit ml-1 Enzyme =
(A/minsample− A/minblank) x TV x df
∑ coefficient value x SV
 
O.D. min-1 mg-1 protein =
Enzyme activity (U ml−1) 
Total protein content (mg ml−1)
  
A/minsample = Rate of the sample’s absorbance value  
A/minblank = Rate of the blank’s absorbance value  
TV = Total volume of reaction mixture (ml) 
SV = Sample (crude enzyme) volume in the reaction mixture (ml) 
Σ coefficient value = Coefficient value of enzyme substrate (mM-1 cm-1) 
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5.2.1.3 Estimation of total protein contents 
Total protein contents were evaluated using BSA protein standards ranging 
from 0.0 to 2.0 mg ml-1 (Sigma-Aldrich, USA).  Standards were prepared in the 
same buffer that was used to extract individual lignin biosynthesis enzymes by 
serial dilution of 10 mg ml-1 BSA protein solution.  A volume of 5 μl protein standard 
or enzyme samples were transferred (Thermo Scientific, Finnpipette F1) into 
individual wells of a 96 well plate (Orange Scientific, Belgium) in triplicates.  For a 
blank reaction mixture, crude enzyme samples were replaced with equal volumes 
of distilled water.  Then, 250 μl Bradford reagent (Sigma, USA) was added to the 
protein standards or enzyme samples, and the solutions were mixed on a multi-
functional rotator (Grant Bio, PS-M3D) for approximately 30 s.  The mixtures were 
incubated at room temperature for 30 min and their absorbance at 595 nm (Thermo 
Scientific, MultiskanTM GO) was measured at an interval of 10 min for a total of 60 
min.  Standard curves of net absorbance vs. protein concentrations for each protein 
standard were plotted (Appendix B2-B3), and the unknown concentrations of crude 
enzyme samples were determined by comparing their net A595nm values against the 
standard curve.  
 
5.2.2 Relative Expression of Oil Palm Lignin Biosynthesis Genes  
5.2.2.1 Extraction of total RNA and cDNA synthesis by reverse 
transcriptase 
Prior to total RNA extraction from oil palm plantlets, non-disposable plastic-
wares were treated with 0.1 M NaOH, 1 mM EDTA and rinsed with RNAse-free water.  
Meanwhile, glassware and metal apparatus were treated with 0.1% (v/v) diethyl 
pyrocarbonate (DEPC) water and were incubated overnight at 37°C.  After 
incubation, these apparatus were autoclaved at 121°C for 15 min to eliminate the 
DEPC residues. 
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Total RNAs of oil palm plantlets were extracted using a conventional Trizol-
based method as described by MacRae (1994) with modifications.  First, 0.1 g plant 
tissues were homogenised in liquid nitrogen and 1 ml of Trizol reagent (Invitrogen, 
USA) was added into the ground samples.  The mixtures were vortexed briefly and 
centrifuged at 10000 g for 5 min at 4°C before transferring the supernatant into 
new 1.5 ml tubes.  A volume of 200 µl chloroform (Bio Basic Inc, USA) was added 
to the supernatant and was shaken vigorously for 15 min and was allowed to stand 
for 3 min at room temperature.  After that, the tubes were centrifuged at 10000 g 
for 15 min at 4°C and the upper aqueous phase was recovered into a new 1.5 ml 
tube.  Next, 500 µl of ice-cold isopropanol (R&M Chemical, USA) was added, mixed 
and the mixture was left to stand for 10 min on ice before it was centrifuged at 
10000 g for 10 min at 4°C.  After centrifugation, supernatant was discarded and 
the pellet was washed with 1 ml 75% (v/v) ethanol and was centrifuged at 10000 
g for 5 min at 4°C.  Then, the supernatant was discarded and the pellets were 
allowed to dry at 37°C (Eppendorf, Thermomixer Comfort) for 30 min.  Lastly, the 
pellets were dissolved in 20 µl RNase-free water and their concentration and purity 
was quantified using a microplate spectrophotometer (Thermo Scientific, 
MultiskanTM GO).   The quantity of RNA was measured in ng µl-1 and their quality 
(purity) was determined using the ratio of absorbance value at 260/230 nm 
(SkanItTM, Thermo Scientific).   
Total RNA was converted into cDNA templates using MMLV 1st Strand cDNA 
synthesis kit (Epicenter, USA).  Kit components were mixed, centrifuged briefly and 
kept on ice before the synthesis process.  Then, 8 µl of total RNA solution, 2 µl 
oligo(dT)21 primer and 2.5 µl RNase-free water were mixed into a 1.5 ml tube to 
anneal selected primers to the RNA. The tubes were incubated at 65°C for 2 min 
in a thermomixer (Eppendorf, Thermomixer Comfort).  Then, they were chilled on 
ice for 1 min and were centrifuged briefly.  For each reaction, 2 µl MMLV RT (10X 
reaction) buffer, 2 µl 100 mM DTT solution, 2 µl dNTP premix, 0.5 µl RiboGuard 
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RNase inhibitor and 1 µl MMLV reverse transcriptase were added into the tubes on 
ice.  Reaction mixtures were incubated at 37°C for 60 min, before the termination 
of reaction by heating at 85°C for 5 min.  Lastly, the reaction tubes were chilled on 
ice for at least 1 min and were stored at -20°C until further use. 
 
5.2.2.2 Primers Design 
Specific primer sets for oil palm COMT and CAD lignin biosynthesis genes 
were designed in this study as genetic information for these two genes in oil palm 
was limited. The mRNA sequences of oil palm associated with COMT 
(XM_010920292.1, XM_010936612.1, XM_010936679.1) and CAD (EU284964.1, 
XM_010933922.1, XM_010913334.1) genes were retrieved from GenBank. In 
addition, mRNA sequences of COMT (XM_008805219.1, XM_009390086.1) and 
CAD (XM_008785339.1, XM_009395438.1) genes of date palm (Phoenix 
dactylifera) and banana (Musa acuminate), which are close relative species to oil 
palm (Singh et al., 2013) were also retrieved from GenBank.  
Alignment analysis between the cDNA sequences was performed using 
MEGA 5.2 software (Molecular Evolutionary Genetics Analysis) to determine 
conserved regions of these genes.  The alignment information was used to design 
specific primers flanking the region of interest (EgCOMT and EgCAD) using Primer-
BLAST (NCBI, USA) and Primer3Plus software.  Gene-specific primers were 
designed to locate on the exon regions of targeted cDNA sequences to prevent the 
co-amplification of genes from genomic DNA (Chan et al., 2014).  Parameters for 
primer design were set as described: primer annealing temperature (Tm) (57 to 
63°C), primer GC content (40 to 60%), amplicon length (100 to 250 bp), database 
(Refseq mRNA) and organism selection (Elaeis guineensis, taxid: 51953).  The 
specificity of each designed primer was confirmed by a search against GenBank 
using BLASTN.  Standard desalting primers were purchased from Integrated DNA 
Technologies, Inc. (FirstBase, Malaysia).  
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5.2.2.3 PCR amplification and sequencing of lignin biosynthesis genes 
PCR amplifications were conducted first to screen for the functional primer 
pairs for COMT and CAD genes designed in Section 5.2.2.2.  After selecting a set 
of functional primer pairs, PCR amplification was carried out to identify the lignin 
biosynthesis genes in oil palm plantlets and to increase the amount of product for 
DNA sequencing purposes.  Sequences of the selected plant primer sets used in 
this experimental chapter are listed in Table 5.1. 
PCR master mix components were prepared in 20 µl reactions according to 
Section 4.2.5.4.  Day 0, T1 cDNA template was used as the absolute control for oil 
palm plantlets and distilled water was used as the negative control.  A PCR 
thermocycler (Eppendorf, Mastercycler Gradient) was programmed for 2 min of 
pre-heating at 95°C, subsequently followed by 35 cycles of 95°C for 30 s, 55°C for 
30 s and 72°C for 60 s with a final extension at 72°C for 10 min.  After PCR reactions, 
20 µl PCR products were analysed using gel electrophoresis as described in Section 
4.2.5.4.  The cDNA sequences amplified through PCR were purified from gel bands 
using GF-1 Nucleic Acid Extraction Kit (Vivantis, USA) (Section 4.2.5.5) and were 
sequenced (1st Base Laboratories Sdn Bhd, Singapore).  Sequences were trimmed 
and analysed using Applied Biosystems Sequence Scanner Software v1.0 and 
BLAST program to search for the closest matches in GenBank. 
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5.2.2.4 Relative quantification of the expression patterns of lignin 
biosynthesis genes 
Relative expression of lignin biosynthesis genes were quantified using qPCR.  
In this experiment, actin (EgActin) and cyclophilin (EgCyP) were selected as 
reference genes to normalise the amount of cDNA templates that were added to 
the qPCR assay.  The primer sequences of EgActin and EgCyP were used as 
described in Tee et al. (2013) and are listed in Table 5.1.  Meanwhile, control 
plantlets (T1) on each day of assessment (D0, 2, 4, 6 and 8) were used as the 
calibrator for wounded (T2) and infected (T3) plantlets at respective time points.   
A total reaction volume of 10 µl was prepared using 1X KAPA SYBR FAST 
qPCR Kit Master Mix (2X) Universal (Kapa Biosystems, US), cDNA template (~10 
ng µl-1) from oil palm plantlets, 200 nM of each of the forward and reverse primers 
(Table 5.1) and nuclease free water.  Non-template control (NTC) reactions 
contained the same mixtures with 1 µl of nuclease free water replacing the cDNA 
template.  Real-time PCR amplifications of oil palm lignin biosynthesis enzymes 
were carried out in an Eco Real-Time PCR System 110V (Illumina, USA), using the 
same qPCR thermal profiles as described in Section 4.2.5.6.  
Three individual reactions (technical replicates) were run for each biological 
sample of cDNA templates from oil palm plantlets and the assays were repeated 
three times for each target and reference gene.  Verification of the specificity of 
qPCR amplification was based on the derivatives melt curve analysis and μMelt 
predictions programme (Dwight et al., 2011).  Relative quantitative expression (RQ) 
of EgPAL, EgC4H, EgCOMT and EgCAD were expressed as fold changes and gene 
expressions were normalised to endogenous reference genes (EgActin and EgCyP) 
relative to the untreated control (calibrator).  They were calculated based on Pfaffl’s 
method and analysed by REST 2009 gene quantification software (Pfaffl et al., 
2002).    
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Table 5.1 Primer sets used for PCR amplification and relative quantification of the expression of lignin biosynthesis genes in oil p
Primer 
Name 
F/
R 
Target 
Gene 
Primer sequences  
(5’ to 3’) 
Tm 
Value 
Position 
on 
cDNA 
Expected 
size 
(bp) 
Reference cDNA  
(Accession No.) 
Primer 
source 
EgPALTee 
F 
EgPAL 
CAG GAT CAA GGA GTG CAG GT 56.90 2069 
242 XM_010937592.1 
Tee et al. 
(2013) R TAA CGA GCA GCA GCA GCG AA 59.60 2291 
EgC4HTee 
F 
EgC4H 
ACT TTG AGC TGT TGC CAC CT 57.30 1486 
261 XM_010933079.1 
Tee et al. 
(2013) R GCT TGT GCC ATC CAT ATT CC 54.00 1727 
EgCOMT1B 
F 
EgCOMT 
CCT ACA CGG CTT TGA GAC CT 56.80 603 
149 XM_010920292.1 Tan (2015) 
R TGG AAT AAG TGG AGC CCC AGA 58.00 731 
EgCAD1e 
F 
EgCAD 
GGG AGT ATG GAG GAG GCA CA 60.69 923 
152 XM_010933922.1 Present study 
R GCC ACA TCC ACA ACA AAC CG 60.32 1074 
EgActin 
F 
EgActin 
CCC ACC TGA ACG GAA ATA CA 54.70 1189 
303 XM_010907399.1 
Naher et al. 
(2012a) R CGG ATG GCA CCT CAG TCT TA 56.60 1472 
EgCyP 
F 
EgCyP 
GGG AAG CAC GTC GTC TTT GG 58.70 483 
200 XM_010942984.1 
Tee et al. 
(2013) R TTC TAC CGG CAC GAT GAG CA 58.80 663 
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5.2.3 Statistical Analysis 
In this chapter, data from enzyme assays were analysed statistically by one-
way ANOVA using GraphPad Prism software version 5.02.  The significant 
differences among the treatments at P < 0.05 were determined by Tukey multiple 
comparison tests using Prism software.  However, classical standard parametric 
tests (t-tests or ANOVA) which depended on assumptions may not be the suitable 
statistical analysis for gene expression quantification (Pfaffl, 2004).  Therefore, the 
differences in the lignin biosynthesis gene expressions in treated plantlets (T2 and 
T3) were compared to the untreated control (T1) according to Yeoh et al. (2013).  
Pearson’s correlation coefficient test was used to evaluate the relationships 
between the activities of lignin biosynthesis enzymes and relative expressions of 
lignin biosynthesis genes in oil palm plantlets upon the infection by G. boninense.   
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5.3 RESULTS AND DISCUSSION 
5.3.1 Primer Design of Gene-Specific Primers for COMT and CAD 
Gene-specific primers for COMT and CAD were designed from oil palm mRNA 
sequences by Primer-Blast software as listed in Table 5.2.  From Table 5.2, four 
primer pairs flanking the oil palm COMT regions were designed (EgCOMTa4, a7, b5 
and c1), whereas six primer pairs were designed for the CAD gene from oil palm 
mRNA sequences (EgCAD1, 2, 3, 7, 3a and 1e).  These primer pairs were used to 
amplify cDNA template extracted from oil palm plantlets (Day 0, T1 control) using 
conventional PCR. This was done to determine the functionality and specificity of 
these primers prior to qPCR.  After PCR amplifications, only EgCAD1e showed 
positive results with a cDNA band at ~150 bp from oil palm plantlets.  Since all 
COMT primers designed from this study were not specific to detect the COMT gene 
in oil palm plantlets (results not shown), a specific primer set (EgCOMT1B, Table 
5.1) designed by Tan (2015) was selected for relative quantification of the EgCOMT 
gene in oil palm. 
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Table 5.2 Primer pairs designed based on oil palm mRNA sequences associated with COMT and CAD genes. 
Primer 
Sequences 
(5’-3’) 
Template 
strand 
Length  
(bp) 
Tm 
Value 
GC Content 
(%) 
Product 
Length (bp) 
Reference 
mRNA  
EgCOMTa4 
GGCAACACCTGAAAGATGCG Plus 20 60.11 55.00 
120 XM_010920292.1 
TGCCCTGGTTGAAGACCTTG Minus 20 60.18 55.00 
EgCOMTa7 
CTCCGTTGTTGCAGGTGATG Plus 20 59.48 55.00 
163 XM_010920292.1 
CGCATCTTTCAGGTGTTGCC Minus 20 60.11 55.00 
EgCOMTb5 
TAGTTTTGGGGTTCAGACCGT Plus 21 59.23 47.62 
162 XM_010936612.1 
GTCGGTGAGGTGGAGAGAAG Minus 20 59.47 60.00 
EgCOMTc1 
CCACTGCTTGGGTTCTCGTA Plus 20 59.68 55.00 
138 XM_010936679.1 
GGTCCCAACAGTCACAATACT Minus 21 57.58 47.62 
EgCAD1 
TAGCTTGGGCTGCAAGAGAT Plus 20 59.09 50.00 
248 EU284964.1 
AACACCAGCATGATCACCAA Minus 20 57.71 45.00 
EgCAD2 
TCATCGTTGACACTGCTTCC Plus 20 58.20 50.00 
199 EU284964.1 
TGCACAGAACTCCAGCATTC Minus 20 58.47 50.00 
EgCAD3 
GCTGCAAGAGATGCTTCTGGA Plus 21 60.68 52.38 
141 EU284964.1 
GTCACCATGCAAATTTCGAGTCAT Minus 24 60.38 41.67 
EgCAD7 
CCATATGACTCGAAATTTGCATGG Plus 24 58.78 41.67 
239 EU284964.1 
TTGTGCCATCTGAATCAAGACC Minus 22 58.92 45.45 
EgCAD3a 
CAATTTACTGGCTTACAGGA Plus 20 59.29 40.00 
176 XM_010913334.1 
TTGCTCCCCACTTCGGTAAC Minus 20 59.96 55.00 
EgCAD1e 
GGGAGTATGGAGGAGGCACA Plus 20 60.69 60.00 
152 XM_010933922.1 
GCCACATCCACAACAAACCG Minus 20 60.32 55.00 
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5.3.2 PCR Amplification of Lignin Biosynthesis Genes 
PCR products of EgPAL, EgC4H, EgCOMT and EgCAD genes that were 
amplified using EgPALTee, EgC4HTee, EgCOMT1B and EgCAD1e primer sets 
respectively are illustrated in Figure 5.1.  From Figure 5.1A, a single DNA band at 
~ 250 bp was amplified from the cDNA templates of oil palm using EgPALTee (Lane 
2) and EgC4HTee (Lane 3) primers.  In contrast, PCR amplifications of EgCOMT and 
EgCAD genes produced cDNA bands at ~150 bp, with the presence of primer dimers 
of less than 100 bp lengths (Figure 5.1 B-C).  
 
 Figure 5.1 PCR amplifications of (A) EgPAL and EgC4H (B) EgCOMT and (C) EgCAD 
genes from cDNA samples of oil palm plantlets. (A) Lane 1: KAPA universal ladder 
(KAPA Biosystems, US), lane 2: cDNA amplified by EgPALTee primer (80 µl PCR 
product), lane 3: cDNA amplified by EgC4HTee primer (80 µl PCR product), lane 4-
5: negative control of EgPALTee and EgC4HTee assays respectively. (B) Lane 1: 
GeneRuler 100 bp DNA ladder (Thermo Scientific, USA), lane 2-3: cDNA amplified 
by EgCOMT1B primer (80 µl PCR product), lane 4: negative control of EgCOMT1B 
assay. (C) Lane 1: GeneRuler 100 bp DNA ladder (Thermo Scientific, USA), lane 2: 
cDNA amplified by EgCAD1e primer (160 µl PCR product), lane 3: negative control 
of EgCAD1e assay. 
 This could be due to the amplification conditions that were not optimum for 
these primer sets.  The annealing temperature used in the PCR assay was 55°C, 
which could be low for EgCOMT1B and EgCAD1e primers to function optimally as 
the Tm values of these primers were higher (57 to 61°C).  Nevertheless, PCR 
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amplifications of these two genes were not affected by the presence of primer 
dimers as a single band of interest was obtained.  In addition, no DNA bands were 
amplified in negative controls for all PCR assays; indicating that the PCR reactions 
were free from nucleic acid contaminations.  
 
5.3.3 DNA Sequencing of PCR Amplified Lignin Biosynthesis Genes 
EgPAL, EgC4H, EgCOMT and EgCAD cDNA products of 150 to 250 bps after 
PCR amplification were sequenced and analysed with BLASTN program (NCBI, USA) 
(Table 5.3).  From BLASTN, the cDNA length of the EgPAL gene was 212 bp (Table 
5.4) and scored 98% similarity flanking over 96% of the E. guineensis PAL mRNA 
sequence (XM_010937592.1).  Meanwhile, sequencing of EgC4H resulted in a 230 
bp cDNA sequence and showed 97% similarity, flanking over 100% of the E. 
guineensis trans-cinnamate 4-monooxygenase-like sequence (XM_010933079.1).  
cDNA sequences of EgCOMT and EgCAD were shorter than EgPAL and EgC4H, which 
were at 108 bp and 117 bp respectively (Table 5.4).  The cDNA sequences of these 
two genes were highly similar (more than 90%) to the desired oil palm gene 
sequences from BLASTN analysis (Table 5.3).  
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Table 5.3 Homologous sequence with the highest significant alignments from 
GenBank Database for the cDNA sequences of lignin biosynthesis genes. 
Targeted 
Genes 
Highest matches 
from BLASTN 
database 
Query 
Cover 
E-
Value 
Identity 
Accession 
No. 
EgPAL 
Elaeis guineensis 
phenylalanine 
ammonia-lyase, mRNA 
96% 1e-94 98% 
XM_01093759
2.1 
EgC4H 
Elaeis guineensis 
transcinnamate 4-
monooxygenase-like, 
mRNA 
100% 
3e-
106 
97% 
XM_01093307
9.1 
EgCOMT 
Elaeis guineensis 
caffeic acid 3-O-
methyltransferase-
like, mRNA 
98% 7e-43 97% 
XM_01092029
2.1 
EgCAD 
Elaeis guineensis 
probable cinnamyl 
alcohol 
dehydrogenase 1, 
mRNA 
81% 6e-30 91% 
XM_01093392
2.1 
 
Table 5.4 shows DNA sequencing of lignin biosynthesis genes that were 
promising, except for the EgCAD sequence.  Relative trace score, QV of EgPAL, 
EgC4H, EgCOMT, EgActin and EgCyP were more than 20.  In addition, the longest 
uninterrupted stretch of bases, CRL of EgPAL, EgC4H and EgCOMT sequences were 
183 bp (85.92%), 208 bp (90.43%) and 73 bp (61.35%), respectively.  This 
indicates that the sequences of these genes were in good quality range.  However, 
the trace score and CRL values of the EgCAD sequence were 14 and 0 respectively, 
which were not in the optimum quality range.  It was predicted that low quality of 
the EgCAD sequence could be due to poor cDNA templates used for PCR 
amplifications and this problem could be resolved by using freshly extract cDNA 
templates with high purity contents.  
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Table 5.4 DNA sequencing of lignin biosynthesis genes cDNA products amplified from conventional PCR. 
No. Gene cDNA sequence 
Length 
(bp) 
GC 
Content 
(%) 
Trace 
Score 
(QV) 
Contiguous 
Read Length 
(CRL) 
1 EgPAL 
CCCCTTTAGGTTGTGAGGGAGACTGGACGCAGGNTTCCTTACAGGCGA
GAAAGTCCGGTCGCCTGGTGAGGAGTTCAACAAGGTGTTCAATGCTATC
TGCGAGGGCAAGGTGATCGACCCTCTGCTGGAGTGCTTGAAGGATTGG
AATGGTGCTCCCCTTCCTATTTGTTAGGATCGCTTGTGAAGGGATGCTTC
GCTGCTGCTGCTCGTTAA 
212 54 44 183 
2 EgC4H 
GAAAATTGAACTTCGGAGAAGGTGGGCAGTTTAGCCTTCACATTTTGAA
GCACTCTACCATAGTCGCCAAGCCTCGAGTGTTCTGATTGTTTAGGCTTG
CTAGGCGTTCCTTAACATGCCATCTTTTACATTGTATTCTGCTTCAAATTT
CAAGGGAGGGGATGGTTCTGAATATTGTTTCTATGGGAGATTAGGAGTG
TAAATTTATGGAATATGGATGGCACAAGCAA 
230 41 47 208 
3 EgCOMT 
GTGGGGAGCTGGGAGCCACCCTCCANTGATCGTATCCAAGTATCCACAC
ATTCAAGGAATCAACTTTGACCTGCCTCATGTCATCTCTGGGGCTCCACT
TATTCCAA 
108 50 34 73 
4 EgCAD 
GTATGTGAGGGCTGACTCCTGATTGATATGGTGGATATGGATTATGTGC
ACCAAGCAATGGATAGGCTGGCTCGTAATGATGTCTGGTATCGGTTTGT
TGTGGATGTGGCAGGCAAG 
117 48 14 0 
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5.3.4 Specificity of Oil Palm Primer Sets during qPCR Assays  
In this chapter, qPCR amplifications were used to quantify the relative 
expressions of lignin biosynthesis genes in oil palm plantlets.  This approach is 
highly dependent on the normalisation of desired genes with suitable reference 
genes for accurate quantifications.  Classical housekeeping or reference genes used 
in qPCR assays in plants are ACTIN, alpha- or beta- tubulin 1 (TUBULIN), 
glyceraldehyde-3-phosphate dehydrogenase (GADPH), polyubiquitin (UBIQUITIN) 
and NADH dehydrogenase (NAD) (Chan et al., 2014).  However, it is not ideal to 
utilise only one single reference gene for qPCR normalisations because there is no 
single reference genes that can be expressed constantly in all tested plant samples 
or at certain experimental circumstances (Barsalobres-Cavallari et al., 2009; Li et 
al., 2012).  Recent studies have shown that it is required to have more than one 
reference gene as internal controls to normalise raw expression data due to the 
possible non-biological sample-to-sample variations introduced during total RNA 
extractions, cDNA synthesis and qPCR assays (Vandesompele et al., 2002; 
Chandna et al., 2012).  ACTIN has been used as one of the classical reference 
genes for qPCR normalisation in oil palm (Alizadeh et al., 2011; Naher et al., 2012a; 
Tee et al., 2013; Yeoh et al., 2013).  Nevertheless, the expression of this gene has 
been found to vary considerably in potato (Nicot et al., 2005), Brassica juncea 
(Chandna et al., 2012) and papaya (Zhu et al., 2012) under different plant 
developmental stages and experimental conditions.  Thus, cyclophilin (EgCyP) of 
oil palm was investigated as a potential reference gene, and promising results were 
obtained as EgCyP was expressed stably in different parts of oil palm tissues (Yeap 
et al., 2012; 2013).  Hence, in this study, both EgActin and EgCyP were used as 
reference genes to normalise the relative expression of lignin biosynthesis genes.     
Specificity of the primer sets used in this study during real-time 
amplifications were confirmed using derivative melt curves, corresponding gel 
electrophoresis of the qPCR products and DNA melting curve predictions using 
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µMelt programme (The University of Utah, USA).  The µMelt program was peer-
reviewed (Dwight et al., 2011) and designed to compute DNA melting curves and 
denaturation profiles of qPCR products based on the target gene sequences, cation 
(Na+ and Mg++) concentrations, and temperature range of the melt curve profile.  
Based on Figure 5.2, single fluorescent peaks were obtained for EgCyP, EgPAL, and 
EgCAD from the derivative melt curves performed after qPCR amplifications, 
indicating a single amplicon of respective genes that were amplified by individual 
primer sets in qPCR assays. These results were complemented with corresponding 
gel electrophoresis (Figure 5.3) and DNA melting curves that were predicted by 
µMelt (Figure 5.4), where single DNA bands at 150 to 250 bp and sharp 
fluorescence peaks were observed in EgCyP, EgPAL and EgCAD assays.  However, 
melting temperatures of the amplicons between two melt curve analyses were 
different.  For example, the melting temperature for EgPAL predicted by µMelt was 
slightly higher (91°C) as compared to the actual melting temperature obtained 
from qPCR derivative melt curve (84.5°C). This was probably due to the different 
qPCR master mix used in real-time application (Dwight et al., 2011).  Additionally, 
no fluorescence peak was detected in the NTC templates, indicating that the qPCR 
assays for all target genes were free from contamination. 
 In contrast, derivative melt curve analysis of EgC4H, EgCOMT and EgActin 
resulted in more than one peak (Figure 5.2 B, C and E).  It was observed that sharp 
fluorescence peaks with high amplitude were detected at 81 to 82°C, along with 
other fluorescence peaks at lower amplitude, ranging from 73 to 78°C in the melt 
curve profiles of these genes.  When compared to the gel images, it was noticed 
that primer dimers were present in EgCOMT (Figure 5.3C) and EgActin (Figure 5.3E) 
assays of sizes less than 100 bps.  This could have contributed to the formation of 
low amplitude fluorescent peaks in EgActin and EgCOMT.  However, only one EgC4H 
gel band at ~ 280 bp was detected on corresponding gel images for the EgC4H 
assay (Figure 5.3B).  Interestingly, the shape of the derivative melt curve of EgC4H 
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products was similar to DNA melting curves predicted by µMelt (Figure 5.4B). This 
could be explained by the presence of an intermediate state during the melting 
process (Downey, 2014).  Typically, melt curve analysis starts at a temperature 
above the Tm value of a primer, and increases to measure fluorescence signals.  As 
the temperature increases, dsDNA denatures and the dye starts to dissociate, 
hence, fluorescence content will decrease (Mehndiratta et al., 2008).  However, 
template sequences that are more stable do not melt easily, and would be 
maintained in a dsDNA configuration when temperature is increased, leading to two 
melting phases during the melt curve cycles (Downey, 2014).  Nevertheless, the 
presence of the strong fluorescent peaks ranging from 81 to 87°C in derivative 
melt curve profiles (Figure 5.2) clearly indicated the specificity of each plant primer 
set and the validity of qPCR quantification methods in this study.   
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Figure 5.2 Derivative melt curves analysis of (A) EgPAL, (B) EgC4H, (C) EgCOMT, 
(D) EgCAD, (E) EgActin and (F) EgCyP gene amplified from oil palm plantlets in 
qPCR amplifications. 
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Figure 5.3 Corresponding agarose gel electrophoresis of qPCR products of (A) 
EgPAL, (B) EgC4H, (C) EgCOMT, (D) EgCAD, (E) EgActin and (F) EgCyP assays.  
DNA Lanes: 1 and 18— DNA ladder; 2 to 16—target genes amplified from cDNA 
templates of oil palm plantlets (D0T1 to D8T3 in sequence); 17—negative control. 
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Figure 5.4 Prediction of the melt curve profiles of (A) EgPAL, (B) EgC4H, (C) 
EgCOMT, (D) EgCAD, (E) EgActin and (F) EgCyP genes during real-time PCR 
amplification by μMelt programme. 
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5.3.5 Roles of the Lignin Biosynthesis Enzymes and Genes in Response to 
Ganoderma Infection in Oil Palm  
5.3.5.1 Phenylalanine ammonia lyase (PAL) 
Phenylalanine ammonia lyase (PAL) is the initial enzyme involved in the 
catalysis of phenylalanine in the phenylpropanoid and lignin biosynthesis pathways, 
resulting in the production of various pathogenesis-associated phytoalexins and 
phenolics.  From Figure 5.5, the activity of PAL enzyme in T1 plantlets was at low 
and constant levels throughout the experimental period.   
 
Figure 5.5 Phenylalanine ammonia lyase (PAL) activities of oil palm plantlets within 
8 days of incubation.  SEM of replicate readings from three rounds of experiments 
was represented by the error bars.   
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 In contrast, T3 plantlets showed a significant increase in the activity of PAL 
(P < 0.001, Appendix C9) at 4 DPI, from 0.05 to 0.14 O.D. min-1 mg-1 protein, 
indicating that PAL activity was induced in oil palm upon the infection by G. 
boninense, GBLS.  Besides, PAL activity was also found to be significantly higher in 
T2 (0.08 O.D. min-1 mg-1 protein) than T1 plantlets (0.04 O.D. min-1 mg-1 protein) 
on Day 0 and Day 4 post-treatment (P < 0.01) , suggesting that oil palm was 
inducing PAL enzyme upon mechanical stress to a certain extent.  Similar inductions 
of PAL activity have been found in wounded fruits and vegetables (Campos-Vargas 
et al., 2005; Fernando Reyes et al., 2007; Heredia and Cisneros-Zevallos, 2009), 
and infected sorghum (Huang and Backhouse, 2005), citrus (Ballester et al., 2006), 
sunflower (Lamba et al., 2008) and cucumber (Chen et al., 2009).  The activities 
of PAL enzymes in sorghum plantlets infected with Fusarium were higher than 
controls and increased to a maximum level at 4 DPI, followed by a decrease of 
enzyme activity as the infection period prolonged to 6 days (Huang and Backhouse, 
2005).  These studies suggested that PAL enzymes are normally present at 
constitutive levels in healthy plants and are induced during mechanical injuries and 
infection as a result of stimulation by endogenous ethylene production (Camm and 
Towers, 1973; van Loon et al., 2006).   
 Relative quantification of EgPAL expression was performed in oil palm 
plantlets using calibration of the expression levels of this gene in T2 and T3 
plantlets with untreated controls (T1).  According to Yeoh et al. (2013), relative 
expression level of a gene that is higher than a 2-fold change or lower than a 0.5-
fold change as compared to the untreated control, is considered to be differentially 
expressed.  From Figure 5.6, expression of the EgPAL gene that was higher than 
1-fold change (above the dotted line) is measured as up-regulated and vice versa.  
Relative expressions of EgPAL in T2 and T3 plantlets were generally up-regulated 
(fold change > 1) and differentially expressed, except on Day 4.  It was observed 
that the expression of EgPAL in T3 plantlets increased earlier and peaked at 3.93-
122 
 
fold at 2 DPI, as compared to T2 plantlets which occurred later and peaked at 3.63-
fold on Day 6.  The expression pattern of EgPAL in T2 and T3 plantlets was observed 
as biphasic (double peaks).  Additionally, EgPAL in oil palm plantlets responded 
more rapidly towards infection by G. boninense, GBLS as compared to wounding, 
and the expression of EgPAL was greater upon infection.  There have been a 
number of previous studies that reported an up-regulation of PAL expression in 
plants in response to environmental stresses, including wounding (Lawton and 
Lamb, 1987; Rumeau et al., 1990; Fukasawa-Akada et al., 1996) and infection by 
fungal pathogens (Lawton and Lamb, 1987; Hano et al., 2006; Arfaoui et al., 2007; 
Gayoso et al., 2010; Taheri and Tarighi, 2010).  These studies showed a rapid 
stimulation of PAL expression in wounded and infected plants as early as 2 to 48 
hr post-inoculation (HPI), which was in agreement with the EgPAL expression 
observed in this study.    
Rapid induction of the EgPAL gene in T2 and T3 plantlets was followed by a 
sudden drop in activity on Day 4 (Figure 5.6), with the lowest expression scored at 
0.52- and 0.91-fold changes respectively, indicating that the EgPAL gene was 
transiently expressed in oil palm upon wounding and infection.  Transient 
expression of PAL genes was observed in fungal-elicited tobacco (Pellegrini et al., 
1994) and was further supported in the review of Nicholson and Hammerschmidt 
(1992).  Similar results were also recorded in infected Phaseolus vulgaris bean cells 
(Lawton and Lamb, 1987) and tomato (Gayoso et al.,  2010).  According to Lawton 
and Lamb (1987), rapid stimulation of PAL genes upon infection could be due to 
direct interaction of cis-acting regulatory sequences and fungal elicitor–plant 
receptor complexes in infected plants.  Elevation of PAL expression in injured and 
diseased plants is often perceived as an induction of disease resistance as PAL is 
the key enzyme responsible for the production and accumulation of phytoalexins 
and lignin constituents. 
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Figure 5.6 Relative expression of phenylalanine ammonia lyase gene (EgPAL) in oil 
palm plantlets within 8 days of incubation.  Dotted line (fold change = 1) 
representing the relative expression of untreated control (T1) plantlets.  SEM of 
triplicate readings from three rounds of experiments was represented by the error 
bars.   
 Based on the results obtained in Figures 5.5 and 5.6, induction of the EgPAL 
gene in T3 plantlets was closely associated with an increase in the activity of PAL 
enzyme.  A positive correlation (R = 0.5991, P < 0.01) was also observed between 
the activity of PAL enzyme and relative expression of EgPAL in oil palm plantlets in 
Figure 5.7.  The r2 value from the correlation study [r2, (0.5991)2 x 100] showed 
that induction of EgPAL gene expression resulted in 35.9% increase in the activity 
of PAL enzyme in oil palm.  However, peak production of PAL enzyme activities 
(Day 4) in T2 and T3 plantlets were postponed for 2 days after the maximal 
expression of the EgPAL gene (Day 2).  A similar delay pattern of PAL enzyme 
production was reported in flax cell suspension cultures treated with elicitor 
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extracts of B. cinerea and F. oxysporum (Hano et al., 2006).  In Hano’s study, PAL 
activity was found to accumulate later and reached its maximum level after 24 hr 
of elicitation, as opposed to the rapid and strong increase of the PAL gene in elicited 
cell cultures at 1 hr post-elicitation.  A possible explanation for the delay in PAL 
enzyme production could be due to the reduction of the plant’s ability to undergo 
post-transcriptional modification of PAL enzyme in infected tissues (Ballester et al., 
2006), due to the inhibition of PAL activity by fungal pathogens (Lisker et al., 1983).  
In addition, delay in PAL enzyme accumulations in T2 plantlets could be due to 
similar reasons, where slow processing of transcripts and fewer components for 
translational apparatus have been reported in wounded potato tubers by Morelli et 
al. (1994).  
 
Figure 5.7 Relationship between the activity of PAL enzyme and relative expression 
of EgPAL in oil palm plantlets. 
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5.3.5.2 Cinnamate 4-hydrolyase (C4H)  
Cinnamate 4-hydroxylase (C4H) is a cytochrome P450-dependent 
monooxygenases that catalyses the second reaction step in the phenylpropanoid 
pathway by degrading cinnamic acid to produce p-coumaric acid (Dixon and Paiva, 
1995; Chapple, 1998).  From the present study, C4H enzyme activity was detected 
at low quantities in T1 and T2 plantlets throughout the 8 days of incubation (Figure 
5.8).   
 
Figure 5.8 Cinnamate 4-hydroxylase (C4H) activities of oil palm plantlets within 8 
days of incubation.  SEM of replicate readings from three rounds of experiments 
was represented by the error bars.   
 
Enzyme activity of C4H in T3 plantlets was significantly induced from 0.13 
to 0.23 O.D. min-1 mg-1 protein at 2 DPI (P < 0.001), as compared to T1 and T2 
plantlets (Appendix C10).  Previous studies on chickpea (Daniel et al., 1990) and 
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Chinese bayberries (Wang et al., 2014) also showed higher C4H activity in 
inoculated or elicited samples when compared to controls.  It was observed that 
C4H activity in inoculated bayberries was significantly enhanced during the first 2 
days post-infection and was maintained at relatively high levels until the end of 
storage (8 days) (Wang et al., 2014), suggesting that the C4H enzyme plays an 
important role in plant defence against pathogen infections. 
In contrast, C4H activity in T2 plantlets was not significantly different from 
T1 throughout the incubation period (P > 0.05); indicating that the accumulation 
of C4H enzyme in oil palm was not affected by mechanical injuries.  This 
observation was contradicted by earlier findings of C4H activities in other wounded 
plants, such as Arabidopsis (Bell-Lelong et al., 1997), Jerusalem artichoke (Batard 
et al., 1997), rice, pepper (Kim et al., 2002) and Camptotheca acuminata (Kim et 
al., 2005).  There was a remarkable increase in C4H activities reported in these 
plants after wounding.  Insignificant differences of C4H activities in wounded oil 
palm plantlets from the present study could be explained by differential regulation 
of local and systemic defence responses.  According to García et al. (2015), 
wounding effects in pepper caused no changes to the deposition of several defence 
enzymes in systematically wounded tissues, but they were increased significantly 
in local tissues as a response to wounding.  Long distance signalling of plant 
defence responses upon wounding is mainly dependant on jasmonic acid and 
ethylene as the transmissible wound-signals (Li et al., 2002; Lee and Howe, 2003).  
However, accumulation of JA and its bioactive precursor, 12-oxophytodienoic acid 
(OPDA) were not identified in systematically injured tissues although their 
respective defence genes were activated (Strassner et al., 2002).  Hence, it was 
deduced that C4H enzymes were not induced systematically in wounded oil palm, 
as a result of the lack of JA signalling at distant tissues due to the plantlets that 
were processed as an intact plant, instead of being evaluated at the site of 
wounding. 
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From Figure 5.9, expression of the EgC4H gene in T2 and T3 plantlets was 
initially down-regulated, but increased and was up-regulated exponentially before 
reaching peak induction on Day 8 at 9.21- and 13.22-folds respectively, suggesting 
that EgC4H is induced at a later time in oil palm after wounding and infection.  It 
was noticed that expression of EgC4H in T3 plantlets was higher than T2 plantlets 
throughout the treatment periods, signifying that Ganoderma infection had more 
impact on the inducible expression of EgC4H in oil palm. 
 
Figure 5.9 Relative expression of cinnamate 4-hydroxylase gene (EgC4H) 
expression in oil palm plantlets within 8 days of incubation.  Dotted line (fold 
change = 1) representing the relative expression of untreated control (T1) plantlets.  
SEM of triplicate readings from three rounds of experiments was represented by 
the error bars.   
Previous studies showed an increase of C4H gene expression in plants that 
were infected with incompatible pathogens  (Bellés et al., 2008; Bi et al., 2010; 
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Legay et al., 2010; López-Gresa et al., 2011).  In addition, the expression of the 
C4H gene is also triggered by wounding response in plants (Batard et al., 1997; 
Bell-Lelong et al., 1997; Ralph et al., 2006; Singh et al., 2009).  However, these 
studies reported a rapid and transient expression of C4H genes in plants upon 
wounding and diseases, a contradiction to the delayed induction pattern of EgC4H 
expression from the current study (Figure 5.9). 
 The results of EgC4H expression in oil palm from this study were comparable 
with previous investigation of virus-infected cucumber and melon (Bellés et al., 
2008).  In their research, C4H transcripts were found to be expressed later (at 
approximately 5 days after infection) as compared in healthy control plants.  
Expression of C4H in infected cucumber and melon continued to increase and peak 
on Day 11, before reducing during the 14 DPI.  Delay of the induction of C4H gene 
expression in the present study and in Bellés studies could be due to the effects of 
systemic resistance responses involved in the plant samples used, oil palm plantlets 
(processed as an intact plantlet) and systematically infected leaves (non-inoculated 
zone) of cucumber and melon.  According to Schroder et al. (1992) and Dorey et 
al. (1997), strong but transient induction of defence genes was observed locally in 
fungal elicitor-infiltrated tissues of tobacco leaves and Phytophthora infestans-
infected potato leaves.  In contrast, the expression of these genes in surrouding 
leaf tissues (systemic zone) of infected tobacco and potato occurred at a slower 
rate, to a lesser extent and was sustained post-infection.  Furthermore, the C4H 
gene was reported as a potential regulatory gene in the SAR mechanism in 
sugarcane defence induction upon infection (Selvaraj et al., 2014).  Hence, it is 
suggested that the EgC4H gene studied in this experimental chapter is most likely 
systemically-activated in the lignin biosynthesis pathway of oil palm upon wounding 
and infection, since it is expressed and induced at a later time point. 
 Increase in the activity of the C4H enzyme in T3 plantlets at 2 DPI (Figure 
5.8) was not mirrored by a rapid induction of EgC4H as observed in Figure 5.9.  
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The EgC4H gene in T3 plantlets was expressed at a minimal level during the first 4 
DPI and the expression increased after 6 DPI.  These observations suggest that 
there might be more than one EgC4H gene homolog involved in the transcriptional 
regulation of C4H enzymes in oil palm plantlets upon infection by G. boninense.  
According to Ahmad and Wani (2013), C4H is a cytochrome P540 monooxygenases 
that belongs to a CYP73 family.  In most plants, C4H genes exist as a multigene 
family, such as alfalfa (Fahrendorf and Dixon, 1993), maize (Potter et al., 1995), 
orange (Betz et al., 2001) and Populus spp. (Lu et al., 2006). C4H homologs have 
been found to be expressed differentially and distinctly within the same plant (Betz 
et al., 2001; Lu et al., 2006), so their enzyme isoforms could play diverse roles in 
plant lignification upon wounding and fungal infections (Rosa et al., 2009).   
Nonetheless, a positive relationship was observed between the activity of the C4H 
enzyme and relative expression of the EgC4H from Figure 5.10, although the 
correlation is weak and insignificant (R = 0.2038, P > 0.05).  This indicates that 
the increase of EgC4H gene expression can still lead to an increase of C4H activity 
to a certain extent (~ 4% from the r2 value) in oil palm during wounding and 
infection by G. boninense, GBLS.  
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Figure 5.10 Relationship between the activity of C4H enzyme and relative 
expression of EgC4H in oil palm plantlets. 
 
5.3.5.3 Caffeic acid O-methyltransferase (COMT)  
Caffeic acid O-methyltransferase (COMT) is an enzyme that is involved in 
the conversion of caffeic acid to ferulic acid, which is a key step in the biosynthesis 
of monolignols, especially syringyl lignin (Ma and Xu, 2008).  In the present study, 
activities of COMT enzymes in oil palm plantlets were quantified by measuring the 
amounts of the reaction product ferulic acid per ml of reaction mixture (µg ml-1).  
Concentrations of ferulic acids are proportional to the activity of COMT enzymes, 
whereby higher ferulic acid amounts relate to higher COMT enzymes activated in 
oil palm plantlets.   
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Figure 5.11 Caffeic acid O-methyltransferase (COMT) activities of oil palm plantlets 
within 8 days of incubation.  SEM of replicate readings from three rounds of 
experiments was represented by the error bars.   
 
 It was observed that COMT activities in oil palm plantlets were generally 
higher at the end of the experimental period, especially in T2 (249.83 µg ml-1) and 
T3 plantlets (196.04 µg ml-1) (Figure 5.11).  The activity of COMT enzymes in T3 
plantlets were significantly higher than T1 and T2 plantlets at 2 DPI (P < 0.05, 
Appendix C11).  This is comparable to a previous study in Botrytis-infected wheat, 
where the activity of COMT increased in infected leaves after 24 hr of incubation, 
from 6.15 to 25.9 nmol Ferulic acid mg-1 Protein hr-1 as compared to the control 
leaves (Maule and Ride, 1976).  In addition, Gowri et al. (1991) demonstrated an 
induction of COMT activity in the elicitor-treated alfalfa cell suspension cultures at 
48 hr post-exposure.  Their study showed that the increase of COMT activity in 
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alfalfa correlated with the accumulation of cell wall-bound phenolics, including 
lignin and lignin-like material.    
From this study, the pattern of COMT activity in T3 plantlets resembled a 
biphasic induction profile after the infection by G. boninense, GBLS, with a lower 
and swift initial induction at 2 DPI, followed by a stronger and sustained second 
induction from 6 DPI onwards.  Additionally, COMT activities in T3 plantlets were 
reduced at 4 DPI from 117.24 to 49.93 µg ml-1 ferullic acid equivalents and became 
lower than T1 and T2.  Comparable biphasic inductions of COMT enzymes were 
observed in TMV-infected tobacco leaves (Toquin et al., 2003) and Phaeomoniella 
chlamydospora-induced grape cultures (Lima et al., 2011).  The inductions of 
defence-related metabolites occurred at an earlier time in these previous studies, 
where the first peak arose within 1 hr to 24 hr post-treatment, as compared to the 
present study where the induction of COMT took place after 24 hrs, at 2 DPI.  This 
could be due to the infection system and plant material used in this study, which 
include the infection of whole plantlets in planta by GBLS.  It was previously shown 
that defence responses in cell cultures appeared sooner in specific tissues than in 
whole tissue or plantlets (Wojtaszek, 1997).  The induction pattern of COMT activity 
in plants upon pathogen infection could be explained as a characteristic of the 
hypersensitive response (HR).  HR in plants is described as a multi-component 
reaction upon the recognition of incompatible pathogens, which involves the 
increased expression of defence-related genes, production of secondary 
metabolites, and oxidative bursts, leading to the generation of ROS and localised 
cell death (LCD) (Zurbriggen et al., 2010).   
 Meanwhile, the EgCOMT gene in T3 plantlets was initially down-regulated 
(fold change < 1) at 0 DPI, but later expressed differentially with an up-regulation 
at 4 DPI (5.39-fold).  However, the expression was transient as it reduced to 2.41-
fold after the peak induction (Figure 5.12).  Similar expression patterns for the 
COMT gene were displayed in Blumeria graminis (Bgt)-infected wheat although the 
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timing of expressions were different, where the TmCAOMT gene was strongly 
accumulated at 24 HPI, followed by a reduction at 48 HPI in resistant wheat 
cultivars (Tm453) (Bhuiyan et al., 2009a).  Besides, in alfalfa (Gowri et al., 1991), 
Norway spruce (Koutaniemi et al., 2007) and Arabidopsis (Quentin et al., 2009), a 
rapid transcriptional activation of COMT by pathogen elicitation or infection was 
demonstrated.  In addition, the expression of COMT was enhanced in Arabidopsis 
upon bacterial infections (Fellbrich et al., 2002; Zipfel et al., 2004).  More recently, 
the COMT gene was shown to be highly expressed in ornamental plants upon 
pathogen infections, including rust-infected Anemone coronaria (Laura et al., 2015) 
and Rhizoctonia-infected Begonia x hiemalis Fotsch (Chen et al., 2015). 
 
Figure 5.12 Relative expression of caffeic acid O-methyltransferase gene (EgCOMT) 
in oil palm plantlets within 8 days of incubation.  Dotted line (fold change = 1) 
representing the relative expression of untreated control (T1) plantlets.  SEM of 
triplicate readings from three rounds of experiments was represented by the error 
bars.   
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 The role of COMT in cell wall lignification during attack by pathogens has 
been explained by Bhuiyan et al. (2009a), where the effect of COMT gene silencing 
in the susceptibility of wheat to B. graminis was the greatest among all other lignin 
biosynthesis genes studied, such as TmPAL, TmC3H, TmCCoAMT and TmCAD.  
Silencing of the COMT gene in their study showed that the formation of sinapyl 
alcohol, a precursor for syringyl lignin (Boerjan et al., 2003), was impaired and 
that led to an increase in the penetration rates of B. graminis in wheat.  Expression 
of EgCOMT in T3 plantlets was also found to be down-regulated initially on the day 
of infection.  Down-regulation of the COMT gene (Ta.9712) at 1 DPI was reported 
in wheat infected by Zymoseptoria tritici, based on transcriptome analysis (Rudd 
et al., 2015).  Alternatively, it led to the suppression of plant defence processes 
such as the accumulation of PR proteins, cell wall strengthening and signalling 
responses of JA and Ca2+, which could be a result of the up-regulation of putative 
fungal secreted proteins during the initial phase of the infection (between 1 to 4 
DPI) as jkdetected in their study. 
Similarly, EgCOMT was up-regulated in T2 plantlets and was expressed 
transiently with a peak induction at Day 6 (from 1.03 to 4.35-fold), indicating that 
the effect of wounding in oil palm could induce the expression of the EgCOMT gene.  
This is in agreement with a previous study that showed a 7-fold increase of COMT 
mRNA in wounded maize leaves from 6 to 12 hr after injury (Capellades et al., 
1996).  In addition, Ballester et al. (2013) also reported an up-regulation of the 
COMT3 gene in wounded oranges after 24 HPI, and the expression was reduced 
slightly but sustained up to 72 HPI.  Another COMT gene accessed in the same 
study, COMT1 was induced in orange upon wounding at 48 HPI, but the expression 
was at a lower level as compared to COMT3.  Nevertheless, the expression of 
EgCOMT in T2 plantlets was initially reduced, and the peak expression (Day 6) 
occurred slower as compared to the occurrence in T3 plantlets (Day 4), suggesting 
oil palm responded slower to wounding than it did to infections by G. boninense, 
135 
 
when the expression of EgCOMT genes was compared.  Similar results were 
reported by Vilanova et al. (2012), where the expression of comt1 was induced 4-
fold initially during 24 HPI in Penicillium-infected oranges as compared to wounded 
oranges.  However, at 48 HPI, the expression of comt1 increased in wounded 
oranges but decreased dramatically in infected oranges.  In this study, a similar 
decrease in the expression of EgCOMT in oil palm was noticed in T3 samples upon 
the infection of G. boninense after 6 DPI.  This has been explained as the ability of 
pathogens to suppress expression of defence-related genes, including COMT and 
thus cause infection (Ballester et al., 2013). 
The relative expressions of EgCOMT and the activity of COMT enzymes 
correlated significantly with one another as illustrated in Figure 5.13 (R = 0.5096, 
P < 0.01), indicating that the induction of EgCOMT gene expression leads to an 
increase in the activity of COMT enzymes in oil palm plantlets by approximately 26% 
[r2, (0.5096)2 x 100].  However, a major difference between the activity of COMT 
enzymes (Figure 5.9) and relative expressions of EgCOMT (Figure 5.10) in oil palm 
plantlets was observed in T3 plantlets at 4 DPI. COMT activity in T3 plantlets 
reduced at 4 DPI, even though the EgCOMT gene was significantly induced and was 
up-regulated on the same day.  Under normal circumstances during a pathogen 
infection, it is predicted that an up-regulation of defence-related genes would lead 
to an increase in the activity of enzymes encoded by respective genes, and the 
reactions normally occur within a short period of time.  For example, the induction 
of COMT II enzyme activity was detected in tobacco upon the infection of TMV, 
which had a similar increase in endogenous COMT II gene expression on the same 
day of assessment (Toquin et al., 2003).   
Reduction of COMT enzyme activity at 4 DPI could be due to the late effects 
of an initial down-regulation of EgCOMT expression in T3 plantlets at 0 DPI.  This 
is because the COMT enzyme activity profile was shifted to about 2 to 4 days later 
as compared to the relative expression of the EgCOMT gene in T2 and T3 plantlets 
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respectively.  Activities of the COMT enzyme in T2 and T3 plantlets were the highest 
on Day 8, whereas the expression of EgCOMT in these two plantlets peaked earlier 
on Day 6 and Day 4 respectively, indicating that the induction of COMT enzyme 
activity is delayed in oil palm upon wounding and infection by G. boninense.  The 
delay effect in COMT enzyme regulation was especially obvious in T3 (delayed by 
4 days) than T2 plantlets (delayed by 2 days), which could be a consequence of 
the decline in the performance of post-transcriptional modification of defence-
related enzymes in wounded and diseased plants, as suggested by Ballester et al. 
(2006).  Generally, the impacts of G. boninense infection to the changes in the 
regulation of COMT enzymes and genes were greater and they occured in a shorter 
time as compared to the wounding effects in oil palm.  However, the impacts of 
wounding on COMT profiles became more obvious than infections after Day 4 of 
treatment, indicating that the regulation of COMT enzymes and genes towards G. 
boninense infection are reduced as the disease starts to develop in oil palm, 
consistent with previous results of COMT regulation in Penicillium-infected oranges 
as described by Vilanova et al. (2012) and Ballester et al. (2013).   
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Figure 5.13 Relationship between the activity of COMT enzyme and relative 
expression of EgCOMT in oil palm plantlets. 
 
5.3.5.4 Cinnamyl alcohol dehydrogenase (CAD) 
Cinnamyl acohol dehydrogenase (CAD) is a multifunctional enzyme that 
functions to reduce cinnamaldehydes into corresponding cinnamyl alcohols during 
the last step of the biosynthesis of monolignols and has been studied as a specific 
marker for plant lignification (Walter et al., 1988).  Based on Figure 5.14, the 
activity of CAD enzymes was reduced from Day 0 to 2 in all treatments and 
remained at a relatively low level throughtout the experimental period without any 
significant differences between the treatments (P > 0.05, Appendix C12).  
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Figure 5.14 Cinnamyl-alcohol dehydrogenase (CAD) activities of oil palm plantlets 
within 8 days of incubation. SEM of replicate readings from three rounds of 
experiments was represented by the error bars.   
 
In addition, enzyme activities of CAD in T2 and T3 plantlets were lower than 
T1 plantlets on the day of treatment (Day 0), suggesting that the activity of CAD 
enzymes could be inhibited in oil palm upon wounding and infection by G. 
boninense.  This observation contradicts previous studies, which mostly showed an 
increase of CAD activity upon wounding and infection by plant pathogens, such as 
in wheat (Mitchell et al., 1994), soybean (Edens et al., 1995) and Eucalyptus 
(Jackson et al., 2000).  Nevertheless, similar patterns of reduction in the activity 
of CAD enzyme were reported in sugarcane stems infected with smut (Sporisorium 
scitamineum) from 9 to 72 hr after the inoculation with sporidia.  This suggested 
that the biosynthesis of new lignin compounds was not permitted and consequently 
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impaired the resistance of sugarcane to smut (Santiago et al., 2012).  However, 
their study demonstrated an early induction of CAD activity at 3 HPI, which was 
significantly higher than that of control samples.  In addition, Walter et al. (1988) 
showed rapid and transient induction of CAD enzyme activities in suspension 
cultures of bean at 2 hr after an elicitation with Colletotrichum lindemuthianum.  
This was followed by a dramatic decrease of CAD activity, along the assessment 
period.  Hence, it is hypothesised that CAD enzymes in oil palm plantlets are 
induced earlier, between 0 to 2 days after treatments.  However, this period was 
not evaluated in the present study.   
In contrast, the EgCAD gene was transiently induced on Day 2 in T2 (3.37-
fold) and T3 plantlets (2.13-fold) (Figure 5.15), indicating that this gene is up-
regulated rapidly upon wounding and infection.  Biphasic expression patterns of 
EgCAD were observed in T2 and T3 plantlets, as the expression reduced and was 
down-regulated to 0.87-fold and 0.93-fold respectively on Day 4 after a peak 
induction on Day 2, followed by a second induction later at 1.84-fold in T2 and 2.4-
fold in T3 on Day 6 and 8 respectively.  A recent study in Populus trichocarpa 
demonstrated significant up-regulation of the PoptrCAD5, PoptrCAD11 and 
PoptrCAD15 genes in the stem regions after an infection by three different fungi, 
namely Rhizoctonia solani, Fusarium oxysporum and Cytospora spp. at 72 HPI 
(Bagniewska-Zadworna et al., 2014).  In Arabidopsis, expressions of several CAD 
genes was strongly induced in plantlets infiltrated with water (wounded) and 
Pseudomonas strains (infected) between 9 to 48 hr after infiltration (Tronchet et 
al., 2010).  From their study, expression of CAD-D, CAD-G and CAD-B2 was higher 
in infected plantlets as compared to controls.  Meanwhile, wheat sufferring from 
powdery mildew also accumulated high levels of TmCAD transcripts, mainly at the 
epidermal and mesophyll tissues in plant cell walls during 6 and 24 HPI in 
susceptible and resistant lines respectively (Bhuiyan et al., 2009a).  Additionally, 
Kostyn et al. (2012) showed that nine day-old flax seedlings inoculated by Fusarium 
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culmorum in an enclosed tissue culture condition, had significant elevations in the 
expression of the CAD gene at 48 HPI.   
 
Figure 5.15 Relative expression of cinnamyl alcohol dehydrogenase gene (EgCAD) 
in oil palm plantlets within 8 days of incubation.  Dotted line (fold change = 1) 
representing the relative expression of untreated control (T1) plantlets.  SEM of 
triplicate readings from three rounds of experiments was represented by the error 
bars.   
 
Rapid induction of CAD genes towards wounding responses were also 
detected in Medicago sativa (Brill et al., 1991) and sweetpotato (Kim et al., 2010), 
as early as 1 to 2 hr after wounding.  The contribution of CAD genes in plant defence 
and resistance against mechanical injury and pathogen attack has been 
investigated.  For example, supression or silencing of CAD genes led to an increase 
in the susceptibility of host plants to fungal pathogens (Wróbel-Kwiatkowska et al., 
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2007; Bhuiyan et al., 2009a; Preisner et al., 2014).  Besides, the presence of 
inhibitors for CAD reduced plant resistance to fungal infections in different plants 
(Rojas-Molina et al., 2007).  Hence, in the case of oil palm, it is suggested that up-
regulation of EgCAD at an early stage of wounding and G. boninense infection 
indicates a possible initiation of the hypersensitive response which causes an 
immediate reinforcement of cell walls. 
Relative expression of EgCAD in T2 (3.38-fold) was higher than in T3 
plantlets (2.13-fold) during peak induction on Day 2, signifying that the expression 
of EgCAD in T3 plantlets could be suppressed or masked by the presence of G. 
boninense.  This was comparable with the findings of Deflorio et al. (2011), where 
the transcript levels of CAD in spruce bark inoculated with Heterobasidion annosum 
were significantly decreased by 3 days after treatments as compared to samples 
that had wounded bark.  Nevertheless, higher expression of EgCAD in T2 than T3 
plantlets on Day 2 and Day 6 could also be due to the differential responsiveness 
of EgCAD gene towards wounding and infections.  According to Kim et al. (2004), 
different CAD genes in Arabidopsis have specific and individual roles and different 
responsiveness during the development of lignin or defence against pathogens.  For 
example, CAD-C, CAD-1, CAD-A and CAD-B1 were found to be expressed at a 
higher level in wounded samples as compared to Pseudomonas-infected 
Arabidopsis, explaining the metabolic roles of these genes which were related to 
mechanical wounding (Tronchet et al., 2010).  In addition, PoptrCAD4 in P. 
trichocarpa plant response was found to be more specific to herbivore or 
mechanical stress and less towards pathogen infections (Barakat et al., 2010; 
Bagniewska-Zadworna et al., 2014).  Therefore, it is proposed that the EgCAD gene 
assessed in this present study is more responsive towards mechanical injury than 
G. boninense infection in oil palm.  
Throughout the experimental period (except on Day 4), up-regulation of the 
EgCAD gene in T2 and T3 plantlets was not associated with an increase in the 
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activity of CAD enzymes in oil palm.  This observation was further supported by 
the result of Pearson’s correlation coefficient analysis in Figure 5.16, even though 
the correlation was not significant (R = -0.2353, P > 0.05).  Based on the r2 value 
[(-0.2353)2 x 100], an increase in EgCAD gene expressions resulted in 5% 
reduction in the activity of CAD enzymes in oil palm plantlets.  The contradicting 
results between the regulation of EgCAD genes and CAD enzymes of this study 
were comparable to previous studies reported by Hano et al. (2006).  Their findings 
showed a rapid induction of LuCAD gene expression in Fusarium-elicited flax cell 
suspensions at 1 hr post-elicitation and the expression persisted up to 96 hr.  In 
contrast, activities of the corresponding CAD enzymes decreased rapidly in elicited 
culture at 1 hr post-elicitation and remained at lower levels for up to 48 hr post-
elicitation as compared to controls.  Decline in CAD enzyme activities were also 
reported previously in tobacco cell suspensions elicited with cell wall degrading 
enzymes (Negrel and Javelle, 1995).   
However, Hano et al. (2006) observed that the activity of a sinapyl alcohol-
specific CAD enzyme (SAD enzyme) was elevated in elicited flax cell cultures when 
sinapyl alcohol was used as the substrate.  This suggests that an increase in the 
expression of the CAD gene in Fusarium-elicited flax could be related to CAD 
enzymes which have a higher affinity for substrates other than coniferyl alcohol, 
such as sinapyl alcohol.  This was supported by the findings of Mitchell et al. (1994).  
In the present study, cinnamaldehyde (derivative of coniferyl alcohol) was used as 
a substrate during the CAD enzyme assays, but the activities of CAD enzymes were 
reduced sharply in all oil palm plantlets from Day 0 to 2 (Figure 5.14).  Hence, it is 
postulated that the CAD enzymes studied are less attracted to cinnamylaldehyde, 
but more towards other enzyme substrates, especially sinapyl alcohol as oil palm 
lignin is mainly composed of syringyl lignin (Saka et al., 2008).  On the other hand, 
an increase in EgCAD gene expression in T2 and T3 plantlets was associated with 
a decrease in CAD enzyme activities.  This could be due to possible differential 
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transcriptional regulation within the multigene family of CAD (Kim et al., 2004), or 
reductions of post-transcriptional regulation events in plants upon wounding and 
infection as suggested by Hano et al. (2006). 
 
Figure 5.16 Relationship between the activity of CAD enzyme and relative 
expression of EgCAD in oil palm plantlets. 
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5.3.6 Regulation Patterns of Lignin Biosynthesis Genes in Oil Palms 
Based on whisker box plots in Figure 5.17, all lignin biosynthesis genes 
studied were generally up-regulated (> 1-fold, red arrows) in oil palm plantlets 
upon infection by G. boninense.  It was suggested that the induction of these genes 
is related to plant-pathogen-associated molecular pattern (PAMP)-triggered 
immunity (PTI) by Jones and Dangl (2006).  Initially, PTI response in host plants 
are elicited as the plants respond to reinforce the rigidity and integrity of their cell 
walls through lignification (Quentin et al., 2009).  Therefore, this results in 
increased relative expressions of the four lignin biosynthesis genes studied.  
Similarly, wounding also elevates the expression levels of lignin biosynthesis genes 
(Figure 5.17A), indicating that the defence responses in oil palm through cell wall 
strengthening are activated.   
 
Figure 5.17 Whisker box plots of the expression of lignin biosynthesis genes in oil 
palm plantlets on Day 8 post-treatment. (A) Wounded plantlets, T2 and (B) GBLS-
infected plantlets, T3.  The results were expressed as box plots of genes expression 
ratios relative to the normal control state after normalisation to EgActin and EgCyP.  
Boxes represents the interquartile range, the 25% to 75% response ranges (top 
and bottom lines of boxes).  Whiskers represent the minima and maxima ratio. 
Dotted line in the box represents the median gene expression.  
1-fold 
1-fold 
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 Expression patterns of EgPAL, EgCAD and EgCOMT were similar in wounded 
and infected oil palms, which were transiently induced at the beginning of the 
experiment.  However, the expression of these genes dropped at 4 or 6 DPI after 
their peak inductions (Figure 5.18).  Additionally, a biphasic induction pattern was 
associated with the expressions of these genes in oil palm plantlets upon wounding 
and infection by G. boninense, where a second gene induction took place at 6 or 8 
DPI.  Similar biphasic transient regulation patterns of EgC4H were also predicted 
in oil palm plantlets during stress, but the regulation time course was shifted and 
postponed, as it was in agreement with Bellés et al. (2008).  EgC4H is potentially 
regulating the SAR defence mechanism (Selvaraj et al., 2014) in oil palm during 
wounding and infections, and is expressed and induced at a later time point. 
From this study, biphasic induction patterns of lignin biosynthesis genes 
resemble a typical oxidative burst profile in plants after mechanical and biotic 
stresses, suggesting that the regulation of these genes could be affected by ROS 
oxidative processes initiated in oil palm as part of a general defence mechanism.  
According to Lamb and Dixon (1997), a single nonspecific burst is generally induced 
by compatible interactions between host plants and pathogens during the first 
phase of the oxidative burst, followed by a second burst which is provoked upon 
incompatible interactions and is often related to disease resistance in plants.  This 
pattern was especially obvious in wounded plantlets, where the second induction 
of lignin biosynthesis genes at 6 DPI was more intense as compared to the events 
in infected plantlets.  This indicates the suppression of lignin biosynthesis genes in 
infected plantlets (Figure 5.18).  It could be due to a masking effect of fungal PAMPs 
such that the fungus can subterfuge its host plant with minimal utilisation of host-
derived nutrients, so that it is not recognised by the host (Dupont et al., 2015; 
Rudd et al., 2015).  Alternatively, reduction in the expression of lignin biosynthesis 
genes in infected plantlets could be due to the suppression of plant defence 
responses by the fungal pathogen (Ballester et al., 2013) or by the host plant itself 
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(Schardl et al., 2004).  It has been shown that some fungi can produce small 
secreted proteins (SSPs), which are effector-like proteins that are required for the 
penetration of fungal hyphae into host plants, while causing a decrease in plant 
defences (Plett et al., 2011).   
 
Figure 5.18 An overview of the relative expression profiles of lignin biosynthesis 
genes in healthy control (HC), wounded and Ganoderma-infected oil palm plantlets 
during the 8 days (D) of incubation.  Relative expression was normalised against 
EgActin and EgCyP reference genes. Colour scale at the bottom represented the 
relative gene expression levels: white represented down-regulation and darker blue 
indicated up-regulation.  
 
Induction of lignin biosynthesis genes in infected plantlets mostly occurred 
on the day of treatment (0 DPI) (except for EgC4H), which peaked at 2 DPI (EgPAL 
and EgCAD) and 4 DPI (EgCOMT).  As compared to previous studies, lignin 
biosynthesis genes studied in oil palm plantlets were induced slightly slower, 
because other studies reported an early stimulation of defence responses in host 
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plants, within minutes or hours post-inoculation (Hano et al., 2006; Lima et al., 
2011; Santiago et al., 2012).  A few possible explanations could be proposed for 
this delay in gene inductions, 1) different infection systems (cell culture elicitations 
vs. in planta infections) and 2) different plant materials (plant tissues vs. intact 
plantlets) that were used to conduct the test (Wojtaszek, 1997).   
Additionally, it could also be due to 3) a delay in PAMPs released from the 
pathogen to trigger host defence responses, especially for fungi that are coated 
with glucan layers on their cell wall (Fujikawa et al., 2012).  Glucan is a 
carbohydrate polymer comprised of glucose molecules chained together by 
glycosidic linkages (Hung et al., 2008).  In general, fungal cell walls are composed 
of β-1,3-glucan polysaccharide layers cross-linked to chitin. This could possibly help 
to mask the chitin components (type of PAMPs) from being recognised by the host 
plants during plant-fungus interactions.  According to Fujikawa et al. (2009), 
Magnaporthe oryzae accumulates α-1,3-glucan on the surface of its cell wall to 
mask the chitin upon infection in rice.  Meanwhile, β-1,3-glucan is originally present 
in the cell wall that is inhibited by enzymatic digestions of chitin by the host.  
Masking of chitin components is a possible mechanism used by Ganoderma spp. to 
delay oil palm defence responses because the cell wall of Ganoderma spp. is mainly 
made up of β-glucans (Kao et al., 2012; Chen et al., 2014b).  According to Kao et 
al. (2012), Ganoderma spp. cell wall is not linear in structure and the 
polysaccharide layer consists of β-(1→6)-D-glucosyl-linked side chains on a β-1,3-
D-glucan backbone.   
To date, there has only been one report that quantified the transcriptional 
changes in oil palm EgPAL and EgC4H genes during an infection by G. boninense 
(Tee et al., 2013).  However, this study showed no significant increase of EgPAL 
and EgC4H in infected oil palm roots when compared with untreated controls at 3, 
6, and 9 weeks post-inoculation.  This could be due to different times of assessment 
for relative gene expression in the study.  Since the expression levels of both target 
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genes increase in a relatively short period of time (few hours or days) post-infection 
and decrease afterwards in different plant species, as discussed earlier (Section 
5.3.5.1 and 5.3.5.2), it is possible that the expression levels of EgPAL and EgC4H 
in infected oil palms had returned to their baseline levels when Tee et al. (2013) 
analysed their samples at three weeks post-inoculation.  Meanwhile, PAL activity 
was found to have increased significantly in Ganoderma-infected oil palm at 14 DPI 
(Tay et al., 2009).  In their research, mature oil palm seedlings were used and the 
assessments were carried out on a weekly basis. This was different from the 
experimental design carried out in the present study.  Hence, the increase in PAL 
activities in infected oil palms were recorded later in Tay et al. (2009) as compared 
to the results obtained in this study (PAL activity in infected seedlings peaked at 4 
DPI).  After extensive searches of the literature, this is the first report of the 
regulation of COMT and CAD in oil palm during wounding and infection by G. 
boninense. 
From this experimental chapter, induction of EgPAL and EgCOMT expression 
mirrored similar increases of PAL and COMT enzyme activities in oil palm plantlets.  
Nonetheless, peak enzyme activities fell at 2 to 4 days after the peak induction of 
EgPAL and EgCOMT expression, respectively, indicating that enzyme activities were 
postponed in oil palm plantlets.  This was due to a reduction of the plant ability to 
undergo post-transcriptional modification of the PAL and COMT enzymes in 
wounded and infected oil palm tissues.  Meanwhile, an early induction of C4H 
enzyme activity was observed in infected oil palm plantlets at 2 DPI, even though 
the expression of EgC4H remained at low levels at the start of the experiment.  
Hence, it is proposed that there might be other EgC4H gene homologs involved in 
the transcriptional regulation of C4H enzymes in oil palm during G. boninense, 
GBLS infection.  In contrast, CAD enzyme activities in oil palm plantlets reduced 
throughout the experimental period, and negatively correlated with the expression 
of the EgCAD gene.  Since differential transcriptional regulation of EgCAD genes or 
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a reduction of post-transcriptional regulation events in oil palm plantlets during 
wounding and infection lead to contradicting results in CAD regulation, it is 
proposed that CAD enzymes assessed in this study may be less attracted to 
cinnamylaldehyde that was used as the substrate for enzyme reactions.  
Early induction of the biosynthesis of lignin via PAL, C4H, COMT and CAD 
was detected in oil palm plantlets when plants were infected by G. boninense, 
although the regulation of the lignin biosynthesis genes could be suppressed or 
delayed by the fungal pathogen.  Regulation of the lignin biosynthesis genes in 
plants is a complex process, where different routes could be altered by multiple 
stress factors.  Abiotic and biotic stress factors could induce the expression of 
different biosynthesis genes to a different extent and cause the activation of 
different isozymes in plants (Moura et al., 2010).  Hence, subsequent functional 
and characterisation studies on individual gene targets of the lignin biosynthesis 
enzymes in oil palm should be conducted to provide a better understanding for the 
regulation of lignin biosynthesis genes as they are normally derived from multigene 
families.   
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CHAPTER 6  
EFFECT OF GANODERMA BONINENSE INFECTION ON THE CONTENT AND 
COMPOSITION OF LIGNIN IN OIL PALM 
 
6.1 INTRODUCTION 
Lignin is a nature polymer which is made up of guaiacyl (G), p-
hydroxyphenyl (H) and syringyl (S) units.  It is synthesised in plants through the 
lignification process by deposition of these three monomers on the extracellular 
polysaccharidic matrix of plant cell walls.  Lignification is an important process to 
strengthen plant vascular bodies and delay penetration by fungal pathogens.  As 
reviewed by Moura et al. (2010), an increase in lignin deposition in various plants 
is often associated with mechanical injuries and infection by pathogens.  This 
response is believed to be a natural defence mechanism in plants to increase their 
resistance towards stresses.  Hence, it was hypothesised in this study, that oil palm 
plantlets inoculated with G. boninense would show a higher lignin profile as 
compared to the untreated control and wounded treatments  
 The aim of this experimental chapter was to observe the pattern of lignin 
deposition and distribution, as well as to quantify the total lignin content and 
composition of monolignol derivatives in oil palm plantlets upon the pathogenesis 
of G. boninense.  Total lignin content in oil palm plantlets was quantified via a 
lignothioglycolic acid (LTGA) assay.  This assay is one of the three most common 
methods used to quantify lignin, others being the acetyl bromide and Klason 
methods (Hatfield and Fukushima, 2005).  It involves the derivatisation of lignin 
that is catalysed by thioglycolic acid to produce acid-insoluble lignin thioglycolates, 
which result in the solubilisation of this product in an alkaline condition (Brinkmann 
et al., 2002). Then, these products are quantified spectrophotometrically at specific 
absorbance ranges.  The LTGA assay has several advantages over the other two 
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methods because the lignin isolated is more soluble, less modified, and can be 
analysed readily with minimal interference of non-lignin components (Kirk and Obst, 
1988).  
 Meanwhile, qualitative assessment was conducted by histochemical 
staining of microtome-sectioned oil palm specimens using toluidine blue-O (TBO), 
Maúle reagent and phloroglucinol-HCl. This method generally provides an indication 
of the deposition patterns of lignin and monolignol derivatives with the application 
of different chemical stains via light microscopy.  TBO is a type of polychromatic 
dye that reacts with negatively charged groups in the cells to give a multi-coloured 
specimen.  It is useful to provide general information on the nature of the cells.  
Meanwhile, Maúle reagent and phloroglucinol-HCl were used to detect the presence 
of syringyl- and guaiacyl-lignin respectively.  These two dyes give a wine-red to 
brown response (Sewalt et al., 1997) and a red-violet colouration (Kutscha and 
Gray, 1972) upon the presence of S- and G-lignin respectively.  
In addition, monolignol derivatives (syringaldehyde for syringyl-lignin and 
vanillin for guaiacyl-lignin) were extracted from oil palm plantlets by thioacidolysis.  
Subsequently, these derivatives were separated and detected using gas 
chromatography (GC) equipped with a flame ionisation detector (FID).  GC is used 
to separate volatile chemical compounds in two phases, 1) a large surface of 
stationary bed within the capillary column to hold the analytes (stationary phase) 
and 2) mobile carrier gas that carry the analytes through the column (mobile phase) 
(Orata, 2012).  Separation of the compounds is based on the affinity of the 
compounds to the stationary bed.  According to McNair and Miller (2011), the 
tendency of analytes to be attracted to the stationary phase is expressed as 
distribution constant, Kc; where the higher value of the constant, the greater 
attraction of analytes to the stationary phase. 
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6.2 MATERIALS AND METHODS 
6.2.1 Extraction and Quantification of Total Lignin Content  
Total lignin content in oil palm plantlets was extracted and purified using 
the LTGA assay as described by Bruce and West (1982) and Mandal (2010) with 
modifications.  First of all, oil palm plantlets were homogenised in 80% (v/v) 
methanol (SYSTERM®, Malaysia) at a ratio of 1:1 (2 g plant tissues:20 ml of 80% 
methanol).  The homogenate was filtered (Whatman, USA) and discarded. Residue 
plant tissues were rinsed four times with 2 ml 80% methanol and were allowed to 
dry on sterilised Petri dishes at 60°C (FD 23, Binder) overnight.  Then, 50 mg of 
dried residue was mixed with 5 ml 2 N HCL and 0.5 ml thioglycolic acid (Sigma 
Aldrich, USA) and was boiled for 4 hr at 100°C (Yih Der, BH-320) in a fume hood 
cabinet (Fisher Hamilton, SafeAire II).  The reaction mixture was cooled and 
centrifuged at 10000 g for 30 min to obtain the pellet.  Next, the pellet was washed 
twice with 5 ml dH2O and centrifuged at 10000 g for 5 min during each washing 
step.  The pellet was dissolved in 5 ml 0.5 N NaOH for 16 hr at 25°C with agitation 
at 120 rpm (Yih Der, TS-520).  After this, the NaOH extract was centrifuged at 
10000 g for 30 min to recover the supernatant in a clean 15 ml Falcon tube; the 
pellet was further washed with 2 ml dH2O by centrifugation at 10000 g for 5 min.  
The supernatant was collected in a new tube and 1 ml of 6 M HCL was added to 
precipitate LTGA-lignin compounds at 4°C for 4 hr.  The acidified solution was 
centrifuged at 10000 g for 10 min to collect LTGA pellets, which were orange brown 
in colour.  The pellet were washed with 2 ml 0.1 N HCL by centrifugation at 10000 
g for 5 min.  Lastly, 2.5 ml of 0.5 N NaOH was added to dissolve the pellet and the 
solution was briefly centrifuged at 10000 g for 3 min to separate any insoluble 
material. LTGA-lignin content was measured spectrophotometrically at a 
wavelength of 280 nm (Thermo Scientific, MultiskanTM GO) and was expressed as 
an increase in TGA g-1 fresh weight.  
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6.2.2 Histochemical Evaluation of Lignin Deposition Pattern 
6.2.2.1 Sample preparation for microtome sectioning 
Stem regions of oil palm plantlets at Day 8 post-treatment were processed 
according to Mari et al. (1995).  Firstly, samples were fixed in glutaraldehyde-
paraformaldehyde-caffeine fixing solution (Appendix A8) for 48 hr at room 
temperature in glass vials.  Then, oil palm stem was dehydrated in ethanol solution 
at different concentrations as listed in Table 6.1 for different durations.  Dehydrated 
samples were then incubated in butanol solution for a total of three rounds, with a 
minimum of 24 hr of incubation each time.  This was to allow softening of tissues.  
Tissues were later incubated in an equal volume of impregnation and butanol 
solution for 48 hr before an infiltration step.  During infiltration of the oil palm stem, 
the tissues were incubated in an impregnation solution for 1 week at 4°C.  Next, 
the tissues were embedded in 15 ml of the impregnation solution (Appendix A8) 
and 1 ml Technovit 7100 hardener II solution (Heraus Kulzer, Germany) and were 
allowed to dry for at least 1 day to fix the tissues in resin blocks.  After that, resin 
blocks with sample tissues were mounted to the holder by historesin mounting 
medium and allowed to dry for 1 day.  Cross sections (30 µm) of stem regions 
embedded in resin blocks were cut by an automatic rotary microtome (Leica, 
RM2155).  The resin sections were placed in purified water on a paraffin section 
mounting bath (Electrothermal, MH8516) to facilitate picking up of the specimens.  
Then, these sections were arranged on microscopic slides and were allowed to dry 
on a slide drying bench (Electrothermal, MH6616).  The entire sample preparation 
process for the histochemical staining was conducted at the Histology Laboratory 
in MPOB Research Institute, Bangi, Selangor, Malaysia. 
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Table 6.1 Dehydration of oil palm specimens at different concentrations of ethanol 
solutions for different exposure times (Mari et al., 1995). 
Dehydration  Concentration of ethanol (%) Duration of exposure 
1 30 30 
2 50 45 
3 70 45 
4 80 60 
5 90 60 
6 95 60 
7 100 60 
 
6.2.2.2 Histochemical staining of specimens 
Cross sections of oil palm stem regions were stained with toluidine blue O, 
Maúle reagents and phloroglucinol-HCl to observe the deposition of lignin.  The 
toluidine Blue O (TBO) staining procedure was adopted from Yeung (1998) with 
modifications.  Microscopic slides were stained with 0.5% (w/v) TBO solution for 1 
min.  The stain was removed by rinsing with dH2O until there was no excess stain.  
A drop of 30% (v/v) glycerol was added on the sections before covering the sample 
with a cover slip.  Maúle staining was performed on oil palm sections as described 
by Saidi et al. (2013).  Cross sections were treated with 0.5% (w/v) potassium 
permanganate (KMnO4) for 10 min and rinsed with dH2O.  Then, 10% (v/v) HCl 
was added to the samples for 5 min and rinsed with purified water. Lastly, the 
samples were mounted in concentrated ammonium hydroxide (v/v) (NH4OH) 
(Nacalai Tesque, Japan) before covering the sample with a cover slip.  
Phloroglucinol staining was carried out to stain the cross sections of oil palm stems 
according to the method of Yeung (1998).  The microscopic slides were stained 
with phloroglucinol stain for 2 min or until a red colour appeared.  Excess stain was 
removed by rinsing with dH2O and a drop of 30% (v/v) glycerol was added onto 
the section before covering the sample with a cover slip.  
155 
 
All slides were observed using a research microscope (Nikon, Eclipse i80) 
under bright field, within 30 min of staining.  Photographs were captured using a 
digital camera (Nikon, DS-Ri1), connected to an imaging software (NIS Elements) 
by a camera control unit (DS-U2, Nikon).  Ten slides were observed at different 
magnification scales and most slides displayed similar results for the stem regions 
of T1, T2 and T3 oil palm plantlets. 
 
6.2.3 Characterisation and Quantification of the Composition of Lignin 
Monomers  
6.2.3.1 Thioacidolysis extraction of derivatives of lignin monomers 
Monolignol derivatives of oil palm plantlets were extracted by thioacidolysis, 
subsequently characterised and quantified by the GC-FID approach as described by 
Robinson and Mansfield (2009) with modifications.  Oil palm plantlets were dried 
at 60°C for 2 days before grinding into fine powder in a ball mill (PM 100, Retsch) 
at 200 rpm for 30 min.  Oil palm powder was washed with hot acetone in a Soxhlet 
apparatus (EV16, Gerhardt) for 12 hrs to remove extractive in a fume hood cabinet 
(Fisher Hamilton, SafeAire II).  Next, 20 mg extract-free oven-dried oil palm 
powder was weighed (Sartorius, CP124S) into 20 ml glass Wheaton vials with 
Teflon-lined screw cap.  A volume of 2 ml fresh prepared extraction mixture [2.5% 
(v/v) boron trifluoride etherate and 10% (v/v) ethanethiol in dioxane] was added 
into each vial and the mixture was heated for 4 hr at 100°C (Yih Der, BH-320) in 
a fume hood cabinet, with periodic (hourly) manual agitations.  Reaction was 
terminated by incubation at -20°C for 5 min.  After that, 0.4 ml tetracosane (35 
mg ml-1) was added into each vial as an internal standard.  The pH of the solution 
was adjusted to 3 or 4 by adding 0.6 ml of 0.4 M sodium bicarbonate.  In order to 
extract lignin products from aqueous mixtures, 2 ml purified water and 1 ml 
dichloromethane were added into each vial, recapped, vortexed and settled to allow 
phase-separation of the solution.  An aliquot of organic phase (bottom layer) was 
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removed and filtered through a Pasteur pipette packed with a small tissue paper 
plug and an inch of anhydrous sodium sulphate (R&M Chemical, USA) to remove 
water residue.  The filtrate was collected directly in a 2 ml micro-centrifuge tube 
and evaporated in a vacuum concentrator (Vacufuge plus, Eppendorf) overnight at 
30°C to obtain lignin pellets.  
  
6.2.3.2 Gas chromatography analysis of derivatives of lignin monomers 
In order to characterise and quantify monolignol compositions in oil palm 
plantlets, lignin pellets were dissolved in 250 µl dichloromethane prior to GC-FID 
analysis according to Robinson and Mansfield (2009).  Lignin samples were 
subjected to derivatisation by combining 20 µl of sample with 20 µl pyridine (Sigma, 
USA) and 100 µl N, O-bis (trimethylsilyl) acetamide (Sigma, USA).  After incubation 
for at least 2 hr at room temperature (25 ± 2°C), 1 µl of the reaction mixture was 
analysed by gas chromatography (Clarus 500, Perkin Elmer) fitted with an 
autosampler, flame ionisation detector (FID), splitless injector and an ultra-inert 
capillary column (30 m, 0.25 mm, 0.25 µm) (DB-5MS, Agilent).  Helium gas at 
12.5 psi was used as carrier gas during the GC analysis.  Temperatures of the 
injector and detector were set to 250°C with an oven profile of an initial 
temperature at 130°C for 3 min, ramp temperature at 3°C min-1 for 40 min and a 
final temperature at 250°C and hold for 5 min.  Peak identification was compared 
with external standards of monolignol derivatives (syringaldehyde and vanillin).  
Standard curves of external standards were constructed (Appendix B5-B6) by 
analysing derivatised syringaldehyde (product code. 08319, Sigma-Aldrich) and 
vanillin (product code. 14082100, Acrõs Organics) at a concentration range from 2 
to 10 mg ml-1 using the same GC oven profiles.  The contents of syringaldehyde 
and vanillin in oil palm plantlets were standardised by the internal standard 
(tetracosane) as recommended by the IOFI Working Group on Methods of Analysis 
(2011) and were expressed in mg g-1 fresh weight of oil palm. 
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6.2.4 Statistical Analysis 
All data were analysed statistically by one-way ANOVA using the GraphPad Prism 
software version 5.02.  Significant differences among the treatments at P < 0.05 
were determined by Tukey multiple comparison tests. Pearson’s correlation 
coefficient test was used to evaluate the relationships between the total lignin 
content and derivatives of lignin monomers (syringaldehyde and vanillin) in oil palm 
plantlets during an infection by G. boninense.   
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6.3 RESULTS AND DISCUSSION 
6.3.1 Effect of G. boninense Pathogenesis on Total Lignin Contents 
In this study, total lignin contents of oil palm plantlets were determined by 
LTGA assay.  It was noticed that total lignin contents in T1 plantlets were higher 
than T2 and T3 plantlets during the early incubation period from Day 0 to Day 4, 
but reduced to values less than T2 and T3 plantlets from Day 6 onwards (Figure 
6.1).  Meanwhile, lignin contents in T3 plantlets were significantly higher (93.63 
TGA g-1) than T1 (P < 0.001) and T2 (P < 0.01) plantlets at 8 DPI (Appendix C13), 
indicating that lignin concentration increased in oil palm plantlets rapidly after 
infection by G. boninense.  Similar results of lignin accumulation in infected plants 
quantified by LTGA were reported in tomato (Mohr and Cahill, 2007), wheat 
(Menden et al., 2007) and rice (Taheri et al., 2014).  In addition, lignin contents 
determined by the Klason method in diseased Chinese cabbage (Zhang et al., 
2007), date palm (Saidi et al., 2013) and bayberry (Wang et al., 2014) were found 
to have increased.  According to these findings, lignin accumulation occurred within 
a relatively short period of time, ranging from a few hours to 8 DPI, indicating that 
lignification in plant cell walls is an immediate defence response upon infection by 
incompatible pathogens.  Lignin is found to be accumulated in the papillae and 
surrounding halo areas (sites of penetration of pathogenic fungus) to confer a first 
line of defence against plant pathogen penetration (Bhuiyan et al., 2009b).  It 
forms a non-degradable mechanical barrier to inhibit or delay fungal penetration 
and the accessibility of cell wall-degrading enzymes, subsequently reducing the 
susceptibility of host plants to fungal attacks (Moura et al., 2010).   
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Figure 6.1 Quantification of total lignin contents (expressed as thioglycolic acid 
derivatives at 280 nm g-1 alcohol insoluble residue (AIR) fresh weights) in treated 
oil palm plantlets on a time course after artificial infection of plantlets with G. 
boninense (T3) as compared to control (T1) and wounded (T2) plantlets.  SEM of 
triplicate readings from three rounds of experiments was represented by the error 
bars.   
 
In addition, T2 plantlets also demonstrated gradual increases in total lignin 
contents.  In the initial stages of incubation period, lignin content was significantly 
lower in T2 as compared to T1 plantlets on Day 2 post-treatment (P < 0.05), but 
the content increased and became slightly higher than T1 plantlets from Day 6 
onwards, signifying that lignification took place in oil palm plantlets after wounding.  
Previous studies on the effects of wounding to the content of total lignin in iceberg 
lettuce (Ke and Saltveit, 1989) and Chamaecyparis obtuse (Kusumoto, 2005) also 
showed comparable results. According to Kusumoto (2005), lignin content in 
necrotic phloem of C. obtuse due to wounding was significantly higher than in 
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healthy tissues.  The concentration continued to rise until 28 days after wounding, 
but reduced at the end of the experiment.  Hence, it was confirmed that lignification 
has a significant role in plants to resist mechanical stress. 
However, it was noticed that lignin content in T3 plantlets reduced initially 
at 4 DPI to 58.92 TGA g-1 and became significantly lower than T1 (P < 0.01) 
plantlets.  This observation was in agreement with the findings of Rathod and 
Chatrabhuji (2010) in mustard.  Total lignin concentration in diseased mustard 
leaves decreased during the middle stages of infection (S2) by powdery mildew 
fungi as compared to an earlier pre-infection stage (S1).  In addition, lignin 
contents in all cultivars of diseased leaves increased to approximately 3 times 
higher levels during the post-infection stage (S3), which matched the trend of total 
lignin content detected in T3 plantlets in this study.  Lignification in plants could be 
potentially inhibited by fungal pathogens during initial infection stages, but the 
process is continued later, once the plants start to respond and defend themselves 
against the infection.  An initial reduction of lignin content in diseased plants could 
be due to the suppression of cell wall-bound phenolics and phenylpropanoid 
metabolites that are involved in the lignification process, as indicated in date palm 
leaves infected by brittle leaf disease (Latreche and Rahmania, 2011; Saidi et al., 
2013).  
 
6.3.2 Histochemical and Microscopy Evaluation of the Pattern of Lignin 
Deposition  
6.3.2.1 Toluidine blue O (TBO) staining  
Histochemical analysis on the pattern of lignin deposition in the cross 
sections of oil palm stems is shown in Figure 6.2.  For TBO staining, lignified 
elements of vascular bundles (VB) were stained a blue colour in all plantlets (Figure 
6.2 A-C).  It was observed that sclerenchyma (Sc), vessel elements (VE) and 
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tracheid (T) of all specimens were stained a blue colour, whereas sieve tubes (ST) 
and companion cells (CC) remained purple.  This result was comparable with the 
findings of Yeung (1998), where lignified tissues in plant cells gave a blue-green 
reaction after staining with TBO.  The results of TBO staining often give red to 
reddish purple colour on pectin, middle lamella, sieve tubes, companion cells and 
carboxylated polysaccharides such as parenchyma and collenchyma.  Lignified 
elements such as tracheid, sclerenchyma, and phenolic compounds are normally 
stained a green to blue-green colour (Yeung, 1998).   
 
Figure 6.2 Histochemical analysis of lignin deposition in cross sections of oil palm 
basal stem in different treatments by toluidine blue O (TBO). Bars, 100 µm. EP, 
epidermis; C, collenchyma; CU, cuticle layer; VB, vascular bundle; ST, sieve tubes; 
CC, companion cells, VE, vessel elements; T, tracheid; Sc, sclerenchyma. Arrows 
showed intensive staining of TBO on specimens. 
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Intense blue staining was detected on the cuticle (CU) layer of T3 stems 
(Figure 6.2F, arrow), as compared to T1 and T2 stems.  In addition, blue patches 
of staining were also observed in the epidermal (EP) and collenchyma (C) cells of 
T2 and T3 stems (Figure 6.2 B-C & E-F).  However, collenchyma cells of T1 stem 
remained unstained (Figure 6.2D).  Intensity of blue stain was found to be at the 
minimum level in T1 specimens and highest in T3 specimens.  Hence, TBO staining 
showed that lignin contents were accumulated in an increasing order from T1 to T3 
stems and they were mainly deposited on the vascular bundles of T1, T2 and T3 
stems, collenchyma of T2 and T3 stems, and cuticle layer of T3 stems.   
In previous studies of plum and apple trees infected by phytoplasmas, TBO 
stain gave a stronger reaction in infected stems as compared to the healthy control 
stems (Musetti et al., 2000).  Moreover, accumulation of TBO stain was also 
observed in cauliflower cotyledons inoculated with different strains of Rhizoctonia 
solani as compared to non-treatment controls (Pannecoucque and Höfte, 2009).  
Tanaka et al. (2007) also found an intense blue staining in the intercellular spaces 
of mesophyll tissue attached to the cell walls of various types of grasses (perennial 
ryegrass, tall and meadow fescues) infected by Epichloe festucae, as compared to 
the healthy leaves which were stained purple.  Deposition of TBO stain on the 
epidermal and collenchyma cells of T2 and T3 plantlets also indicated that wounding 
and G. boninense infection induced lignification on the primary cell wall that were 
normally non-lignified (compared to the unstained T1 specimen), which was 
supported by the findings of Barros et al. (2015). 
However, they claimed that the blue staining came from the fungal hyphae, 
which could also be stained by TBO (Ghemawat, 1977).  This suggests that TBO 
blue staining observed in T3 stems from this study could be representing the 
presence of G. boninense hyphae in infected tissues, as well as indicating the 
increase of lignin amounts in oil palm upon infection.  Hence, staining of infected 
stem specimens with a combination of cotton blue lactophenol and safranin could 
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be an alternative approach to differentiate the fungal structures from plant tissues 
as suggested by Marques et al. (2013). 
 
 6.3.2.2 Maúle staining  
Similarly, Maúle staining with 0.5% potassium permanganate showed 
positive staining of oil palm in this study (Figure 6.3).  Maúle reagent was able to 
detect the presence of syringyl-lignin and resulted in a wine-red to brown colour 
response (Sewalt et al., 1997).  
 
Figure 6.3 Histochemical analysis of lignin deposition in cross sections of oil palm 
basal stem of different treatments by Maúle staining. Bars, 100 µm. EP, epidermis; 
C, collenchyma; CU, cuticle layer; VB, vascular bundle; ST, sieve tubes; CC, 
companion cells, VE, vessel elements; T, tracheid; Sc, sclerenchyma. Arrows 
showed intensive staining of Maúle reagent on specimens. 
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It was observed that intense brown colour stained the cuticle layer, 
epidermal and collenchyma cells of T3 stems (Figure 6.3C) as compared to the 
collenchyma cells of T1 stems (Figure 6.3A), which were stained light yellow, 
suggesting that the S-lignin accumulated to a higher amount in infected plantlets.  
These observations were supported by histological studies of diseased plants such 
as Camelina sativa (Eynck et al., 2012), apple (Vilanova et al., 2012) and date 
palm (Saidi et al., 2013), where a higher abundance of S-lignin was stained by 
Maúle reagent in infected samples as compared to their control treatments.  A 
distinct deposition of S-lignin was observed mainly at the interfascicular fibres of 
inoculated C. sativa (red reaction), epicarp cells of infected apple (orange-reddish-
brown reaction) and cortical sclerenchyma of root cell wall in date palm associated 
with brittle leaf disease (brown reaction). 
Interestingly, from previous studies, positive Maúle reactions were detected 
in a range of colour schemes from red to brown to yellow in different plant tissues.  
Such a colour change from dark red to light yellow has been explained as a 
reduction of S-lignin in stained specimens (Sewalt et al., 1997; Lewis, 1999; Guo, 
2001).  From the current study, it was observed that the oil palm plantlets were 
mainly stained in yellowish brown by Maúle reagent.  Therefore, it is presumed that 
the contents of S-lignin in these plantlets are present at low levels, as they are 
young plantlets (one month post-rooting).  A comparison of lignin compositions in 
Eucalyptus globulus aged 1 month, 18 months and 9 years old (Rencoret et al., 
2011) could be an example for this assumption.  It was reported that predominant 
levels of S-lignin were detected in 1 month-old E. globulus, and their amounts were 
enriched further when E. globulus reached maturity (Rencoret et al., 2011). 
In addition, a brown response was also detected on the epidermal and 
collenchyma layers of T2 stems (Figure 6.3B), indicating that mechanical injuries 
could also cause an increase in S-lignin in oil palm plantlets.  Although there were 
limited tests of Maúle staining on wounded plants, Rittinger et al. (1987) reported 
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that a mild reaction was observed in scattered cells within the boundary layer.  This 
was formed upon mechanical injury in sour cherry foliage, muskmelon cotyledons, 
potato tubers, carrot roots and cucumber hypocotyls (Rittinger et al., 1987).  
Besides, an increasing intensity of the Maúle reaction in the boundary layers of 
wounded conifer plants such as dawn redwood, Norway spruce, white cedar and 
yew were also observed in their study.  Accumulation of S-lignin in wounded plants 
was supported by an increase in CaF5H1 gene expression, which coded for F5H in 
Camptotheca acuminate (Kim et al., 2006).  Elevation of F5H promoted the 
biosynthesis of S-lignin by catalysing the hydroxylation of ferulic acid and feruloyl-
CoA into sinapic acid and sinapoyl-CoA respectively (Moura et al., 2010).  
In this study, only tracheid cells in the vascular bundles of oil palm plantlets 
were stained yellowish brown by Maúle reagent (Figure 6.3 D-F), as opposed to the 
intense blue staining of sclerenchyma, vessel elements and tracheids by TBO 
staining.  Hence, it is suggested that S-lignin may not be deposited abundantly in 
the vascular bundles of oil palm plantlets.  As compared to previous studies of 
Maúle staining in the xylem vessels of C. sativa (Eynck et al., 2012) and A. thaliana 
(Zhong, 2000; Hossain et al., 2012), positive staining was also absent, indicating 
that mature xylem is not predominantly made up of S-lignin.  A detailed review on 
the wood compositions of various plant species described their xylem vessels to 
contain higher concentrations of G-lignin, with low to moderate levels of S-lignin in 
the fibre tracheids and parenchyma cells of xylem (Schwarze, 2007).  This was 
supported in an earlier finding in birch xylem by Fergus and Goring (1970), where 
guaiacylpropane units were found to be associated at the vessel and middle lamella 
of vascular bundles to provide better support for translocation of water in plants.  
In contrast, syringylpropane units were mostly deposited in the parenchyma layer 
of xylem (Fergus and Goring, 1970; Musha and Goring, 1975). 
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6.3.2.3 Phloroglucinol-HCl staining  
Phloroglucinol-HCl is a type of phenolic compound that reacts with 
coniferaldehyde end groups of lignin and is useful to reflect the content of G-lignin 
(Hossain and Aldous, 2012).  As reviewed by Kutscha and Gray (1972), positive 
phloroglucinol reaction offered a red-violet colouration of the specimens, indicating 
the presence of G-lignin.  However, phloroglucinol staining did not show positive 
results in this study as the cross sections of oil palm stems remained unstained 
(Figure 6.4 A-F).  
 
Figure 6.4 Histochemical analysis of lignin deposition in cross sections of oil palm 
basal stem in different treatments by phloroglucinol–HCl staining. Bars, 100 µm. 
EP, epidermis; C, collenchyma; CU, cuticle layer; VB, vascular bundle; ST, sieve 
tubes; CC, companion cells, VE, vessel elements; T, tracheid; Sc, sclerenchyma.  
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The specimens remained the same colour as compared to the unstained 
specimens (Figure 6.5), indicating that G-lignin was not deposited or it was only 
present at minimal amounts (insufficient to be identified by phloroglucinol dye) in 
all samples, including the vascular bundles.  This contrasts with the previous 
studies in wounded C. obtuse (Kusumoto, 2005) and infected plants including 
poplar (Rinaldi et al., 2007), cotton (Xu et al., 2011) and date palm (Saidi et al., 
2013).  From these studies, G-lignin was found to be accumulated and stained in 
a darker pink or red colour as compared to the samples in control treatments.  
Nevertheless, an earlier study of wheat infected with leaf rust fungi Puccinia 
recondita f. sp. tritici showed negative phloroglucinol staining as there was no red 
colouration found on the mesophyll cells of inoculated wheat for up to 64 HPI 
(Southerton and Deverall, 1990).  According to Vance et al. (1980), lack of colour 
reaction in the phloroglucinol test could be due to the 1) decrease of 
cinnamaldehyde groups in test specimens as a result of plant- or microbe-mediated 
oxidation and 2) the nature of oil palm lignin composition with lower G-lignin. 
 
 
Figure 6.5 Anatomy of unstained cross sections of oil palm basal stem region after 
different treatments. Bars, 100 µm. EP, epidermis; C, collenchyma; CU, cuticle 
layer; VB, vascular bundle. 
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6.3.3 Effect of the Pathogenesis of G. boninense on the Content of Lignin 
Monomers 
6.3.3.1 GC-FID chromatogram of standard and thioacidolysis product of oil 
palm plantlets 
In order to characterise and quantify individual composition of lignin 
monomers, oil palm plantlets were subjected to thioacidolysis extraction that has 
been revised to increase the output and efficiency of the reaction (Robinson and 
Mansfield, 2009).  During the extraction process, an internal standard of known 
concentration (tetracosane in dichloromethane) was added into the samples to 
correct the inevitable losses during sample extraction and variation in the injection 
volume during GC analysis.  Tetracosane was first introduced in 1997 and is a 
universally recognised internal standard for quantification of thioacidolysis 
monomers by GC-FID (Yue et al., 2012).  Before quantifying lignin monomers using 
GC-FID, the analytes were derivatised by pyridine and N, O-bis (trimethylsilyl) 
acetamide solutions through a process known as silylation (Orata, 2012).  This 
process aimed to introduce trimethylsilyl groups into the analytes to increase their 
volatility and stability, so the derivatives could be detected more readily in GC 
analysis (Orata, 2012).  From this study, the composition of two derivatives of 
lignin monomers, syringaldehyde for S-lignin and vanillin for G-lignin were 
investigated because they are present at the highest amounts in oil palm (Saka et 
al., 2008), especially in the trunk (Sun and Tomkinson, 2001) and the empty fruit 
bunch (Ibrahim et al., 2004; Mohamad Ibrahim et al., 2008) as compared to other 
lignin derivatives. 
Figure 6.6 and 6.7 show individual peaks for the standards used in the GC-
FID analysis from this study.  Tetracosane was eluted from the GC column at ~ 
42.49 min.  Meanwhile, the other two external standards, syringaldehyde and 
vanillin were eluted earlier at approximately 20.77 and 14.23 min respectively.  
From Figure 6.8, syringaldehyde and vanillin were successfully extracted from oil 
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palm plantlets using the thioacidolysis approach and were detected in GC-FID 
analysis.  The retention time for vanillin was the shortest (14.18 – 14.36 min), 
followed by syringaldehyde (19.89 – 20.18 min) and tetracosane (42.56 – 42.88 
min).  This could be due to the variation of boiling points of these compounds, with 
the lowest boiling point for vanillin at 170°C, syringaldehyde at 192°C and 
tetracosane at 391°C.  Lower boiling point of a compound could reduce its retention 
time (faster rate of elution from GC column) because the compound  remains in 
the gas phase (Jennings, 2012).  According to Chai et al. (1993), tendency of 
analytes to be attracted to the stationary phase in GC columns could be influenced 
by several factors, including the boiling point and polarity of the analytes, column 
temperature and length, carrier gas flow rate and total amounts of analytes 
injected, subsequently affecting the retention time of the compounds.   
 
 
Figure 6.6 GC-FID chromatogram of tetracosane internal standard at 5 mg ml-1 in 
dichloromethane after derivatisation, with respective retention time (min). 
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Figure 6.7 GC-FID chromatograms of (A) syringaldehyde and (B) vanillin standards 
at 5 mg ml-1 in dichloromethane after derivatisation, with respective retention time 
(min). 
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Figure 6.8 GC-FID chromatogram of thioacidolysis product of oil palm plantlet after derivatisation, with respective retention time (min).
172 
 
6.3.3.2 Content of syringyl-lignin derivative: Syringaldehyde  
The amount of syringaldehyde (major derivative of S-lignin) was quantified 
in oil palm plantlets via GC-FID analysis.  From Figure 6.9, syringaldehyde was 
detected in one month-old oil palm plantlets in all treatments, ranging from 322.51 
to 515.81 mg g-1.  Syringaldehyde remained constant throughout the experiment 
in T1 plantlets.  In contrast, the amount of syringaldehyde in T2 and T3 plantlets 
increased sharply and peaked on Day 4 (from 324.73 to 502.16 mg g-1) and Day 6 
post-treatment (from 341.75 to 515.81 mg g-1); however, there were no significant 
differences between the syringaldehyde amounts in all treatments (P > 0.05, 
Appendix C14) throughout the 8 days of incubation.  
 
Figure 6.9 Quantification of syringaldehyde levels in treated oil palm plantlets on a 
time course for artificially infected plantlets with G. boninense (T3) as compared to 
the control (T1) and wounded (T2) plantlets.  SEM of triplicate readings from three 
rounds of experiments was represented by the error bars. 
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Similar increases in syringaldehyde content could be compared with 
mechanically injured poplar (Frankenstein et al., 2006) and mangosteen (Kamdee 
et al., 2014); infected Chinese cabbage (Zhang et al., 2007) and grapes (Sák et 
al., 2014).  Those studies showed a significant increase of syringaldehyde at 72 
HPI as compared to levels in untreated controls.  Other examples of an increase of 
S-lignin upon fungal pathogenesis were demonstrated by Bishop et al. (2002) and 
Menden et al. (2007), where the composition of S-lignin in Puccinia-infected and 
Fusarium-infected wheats were induced exclusively after 14 and 10 days of 
infections respectively.  Accumulation of syringaldehyde in oil palm plantlets upon 
wounding and infection could be a result of induction of sinapyl alcohol specific 
isoform of CAD during biosynthesis of lignin as suggested by Mitchell et al. (1999). 
Higher amounts of syringaldehyde in T2 and T3 plantlets determined from GC-FID 
analysis also matched the results obtained from the experiment with Maúle reagent, 
as shown in Figure 6.3.   
 
6.3.3.3 Content of guaiacyl-lignin derivative: Vanillin 
 Similar to syringaldehyde content, vanillin was present in all treated 
plantlets throughout the experimental period (Figure 6.10).  Vanillin content was 
significantly induced in T3 plantlets at 6 DPI (from 136.68 to 258.14 mg g-1) (P < 
0.05, Appendix C15), as compared to T1 and T2 plantlets, which remained at 
constitutively low amounts (Figure 6.10).  This was comparable with previous 
studies in Erwinia-infected Chinese cabbage (Zhang et al., 2007) and Verticillium-
infected tomato (Gayoso et al., 2010), where significant increases in vanillin 
content were noticed after 72 and 96 HPI respectively.  According to Gayoso et al. 
(2010), lignification of G-lignin is mainly found at the primary walls that have rapid 
polymerisation processes.  Rapid accumulation of vanillin in oil palm upon infection 
by G. boninense was due to the role of G-lignin in the reinforcement of plant cell 
wall.  It has been suggested that G-lignin is strong and resilient towards biological 
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breakdown by plant pathogens (Paterson et al., 2009).  Hence, stress induced-
lignin in plants is usually rich in p-hydroxyphenyl or guaiacyl units, due to the cross-
linking properties of these units through C-C bonds and diarylethers units that are 
more extensive as compared to syringyl units; thus, offering more strength to the 
plant cell wall (Menden et al., 2007). 
 
 
Figure 6.10 Quantification of vanillin levels in treated oil palm plantlets on a time 
course for artificially infected plantlets with G. boninense (T3) compared to the 
control (T1) and wounded (T2) plantlets.  SEM of triplicate readings from three 
rounds of experiments was represented by the error bars.   
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6.3.3.4 Molar ratio of G:S lignin in oil palm plantlets  
Table 6.2 shows the molar ratio of G:S units and the percentages of 
increment in syringaldehyde and vanillin contents in oil palm plantlets after 6 days 
of incubation.  As compared to T1 plantlets, syringaldehyde contents in T2 and T3 
plantlets increased about 5% (0.05/1) and 59% (0.59/1) respectively on Day 6 
post-treatment.  In contrast, vanillin content was reduced by 12% (-0.12/1) in T2 
plantlets, but was increased in T3 plantlets at 353% (3.53/1) as compared to T1 
plantlets.  In addition, vanillin content (an increment of 353%) was accumulated 
more significantly in T3 plantlets as compared to syringaldehyde (an increment of 
59%) during 6 DPI, indicating that G-lignin was induced at a higher level in oil palm 
upon infection by G. boninense as compared to S-lignin.  Similarly, G-lignin was 
accumulated specifically in the oilseed crop C. sativa after inoculation with the 
necrotrophic fungus Sclerotinia sclerotiorum (Eynck et al., 2012).  This was in 
agreement with Menden et al. (2007), where H- and G-units of lignin are usually 
induced in plants during stress due to their complex cross-linking properties.   
 
Table 6.2 Molar ratio of G:S lignin in oil palm plantlets at Day 6 post-treatment.  
Treatments on 
Plantlets 
Vanillin 
(mg g-1) 
Syringaldehyde 
(mg g-1) 
G:S ratio 
Control (T1) 57.44a 322.51a 1.00:5.67 
Wounded (T2) 49.96a 338.24a 1.00:6.76 
Infected (T3) 258.14b 515.81a 1.00:2.00 
T1:T2:T3 1:0.88:4.53 1:1.05:1.59  
*Triplicate values of mean with different alphabetical letters indicated a significant 
difference at P < 0.05. 
 
 
However, content of the vanilin in T3 plantlets was still lower than 
syringaldehyde, as the molar ratio of G:S units in T3 plantlets was 1:2 at 6 DPI 
176 
 
(Table 6.2).  Based on the results obtained by histochemical staining with 
phloroglucinol-HCl (Figure 6.4) and thioacidolysis for the determination of G-lignin 
composition in oil palm plantlets (Table 6.2), the amount of G-lignin was lower as 
compared to S-lignin, with or without the effects of wounding and infection by G. 
boninense.  Low levels of G-lignin in these plantlets could be explained by the 
young age of the plantlets (Rencoret et al., 2011) as described earlier, or due to 
the nature of oil palm lignin composition (Sun and Tomkinson, 2001; Ibrahim et 
al., 2004; Saka et al., 2008).  Based on their studies, composition of lignin 
monomers (syringyl, guaiacyl and p-hydroxyphenyl units) were characterised and 
quantified through nitrobenzene oxidation.  Their results indicated that 
syringaldehyde (non-condensed syringyl unit) was found to be the predominant 
phenolic component in oil palm trunks and empty fruit bunches, followed by vanillin 
(non-condensed guaiacyl unit).  Differences in the molar ratio of G:S units in oil 
palm trunks were at 1:4 (Sun and Tomkinson, 2001), indicating that syringyl units 
in oil palm lignin occur at about four times higher levels than guaiacyl units.  Hence, 
it was justified that G-lignin is naturally present at lower levels in oil palm. 
As compared to T2 plantlets, vanillin and syringaldehyde increased at 
around 404.55% (3.65/0.88) and 51.43% (0.54/1.05) respectively in T3 plantlets 
at 6 DPI, indicating that the contents of lignin derivatives in oil palm plantlets were 
induced higher by infection with G. boninense than by wounding.  Besides, the 
molar ratio of G:S units were recorded at 1:5.67, 1:6.76 and 1:2 in T1, T2 and T3 
plantlets respectively, signifying that the composition of lignin monomers in 
wounded and infected plantlets are different from the normal lignin composition in 
healthy plantlets.  A possible explanation could be due to different regulation of 
lignin biosynthesis by oil palm in response to wounding and fungal infection.  
Monolignol composition in plants could be altered upon stresses, which is 
differentially regulated from the normal composition of developmental-lignin 
(Vance et al., 1980; Bhuiyan et al., 2009b).  For instance, H-lignin was mainly 
177 
 
induced in injured squash fruits (Stange et al., 2001) and Verticillium-infected bell 
pepper (Pomar et al., 2004), and their contents were significantly different from 
the composition of developmental-lignin.  In addition, G- and H-lignins increased 
significantly in Verticillium-infected resistance cotton, as opposed to the 
developmental-lignin which consists mainly of G- and S-lignins (Xu et al., 2011).  
Differential regulation of lignin biosynthesis in oil palm upon G. boninense 
pathogenesis could also be explained by the contradicting results between the 
content of lignin derivatives (syringaldehyde and vanillin) and the total lignin 
amount in oil palm plantlets at 8 DPI.  The amounts of syringaldehyde (R = 0.3752, 
P < 0.05) and vanillin (R = 0.5270, P < 0.001) in oil palm plantlets were positively 
correlated to the total lignin content from an overall perspective in this study (Table 
6.3).  Total lignin content in T3 plantlets accumulated to high levels at 8 DPI (Figure 
6.1), although the contents of syringaldehyde (Figure 6.9) and vanillin (Figure 6.10) 
in these plantlets were reduced on that day.  Hence, it can be postulated that high 
levels of total lignin detected in oil palm on Day 8 upon infection by G. boninense 
could be due to the accumulation of other types of lignin derivatives, such as p-
hydroxybenzaldehyde, p-hydroxybenzoic acid and p-coumaric acid, instead of 
syringaldehyde and vanillin that are mainly deposited for the development of oil 
palm (Saka et al., 2008).   
 
Table 6.3 Correlations between the amounts of syringaldehyde and vanillin with 
the total lignin content in oil palm plantlets. 
Lignin Derivatives 
Total Lignin Content 
Pearson R R2 P value  Summary 
Syringaldehyde 0.3752 0.1408 0.0410 * 
Vanillin 0.5270 0.2778 0.0005 *** 
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In brief, positive results of the LTGA assay were detected in T2 and T3 
plantlets with an increase in lignin contents during the later stages of incubation 
period.  In T3 plantlets, total lignin content was significantly higher content as 
compared to T1 and T2 plantlets at 8 DPI.  Histochemical staining in this study has 
successfully illustrated the patterns of oil palm lignin deposition in the cell wall of 
one-month old plantlets.  Lignin (especially S-lignin) was found to be accumulated 
in an increasing order from T1 to T3 plantlets after staining with TBO and Maúle 
reagent.  Deposition was mainly on the epidermal and collenchyma cells, vascular 
bundles and cuticle layer of oil palm stems.  In addition, major derivatives of S- 
and G-lignins, syringaldehyde and vanillin were found to be highly accumulated in 
T3 plantlets at 6 DPI.  These two derivatives also increased in T2 plantlets on Day 
4 post-treatment, but the increment was not significantly different from T1 
plantlets.  It was noticed that vanillin increased at a higher percentage (353%) as 
compared to syringaldehyde in oil palm upon infection, although the amount of 
syringaldehyde present was higher (G:S ratio at 1:2) in T3 plantlets on 6 DPI.  
 It was therefore confirmed that lignification in oil palm cell walls is triggered 
rapidly in conjunction with mechanical injury and G. boninense infection.  The effect 
of G. boninense pathogenesis on lignin content and composition in oil palm plantlets 
was greater as compared to the wounding effect. However, chemical extraction and 
analysis of lignin, including LTGA and thioacidolysis can only analyse approximately 
10% of the lignin in plants (Menden et al., 2007). Thus, UV spectroscopy methods, 
such as topochemical characterisation (Frankenstein et al., 2006) should be used 
in the future to analyse the entire lignin composition to provide a more conclusive 
study on the lignification of oil palm upon the pathogenesis with G. boninense. 
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CHAPTER 7 
GENERAL DISCUSSION 
 In this study, an in planta infection system was used to study the effects of 
G. boninense (GBLS strain) on the physical symptoms, degree of tissues 
colonisation, total phenolic contents and quantities of GBLS in young oil palm 
plantlets (Chapter 4).  The artificial infection system provided a controlled and 
sterile environment, where one-to-one interactions between oil palm and G. 
boninense could be studied exclusively, as opposed to the traditional RWB infection 
approach.  From this chapter, GBLS-infected plantlets were associated with 
significant elevation in the DSI, degree of internal tissue colonisation and total 
GBLS amounts, indicating that G. boninense progressively developed in oil palm 
plantlets within a relatively short period of time (8 days) via the in planta infection 
system.  Among a few physical parameters observed in this chapter, only 
chlorophyll content of oil palm plantlets showed significant reduction upon infection 
as compared to the untreated control and wounded plantlets.  This could be due to 
high protein levels in leaf chloroplasts as the first target of cell catabolism in 
response to mechanical and biological stresses (Quirino et al., 2000).  In contrast, 
the heights, weights, root lengths and stem diameters of oil palm plantlets were 
weakly correlated with the disease severity, and were not significantly different 
among the treatments.  It is postulated that the observation period is most likely 
too short for these growth characteristics to have significant changes and this is 
supported by the findings of Suranthran et al. (2011). Additionally, phenolic 
compounds accumulated significantly in wounded and infected plantlets, signifying 
that the general defence response in oil palm is triggered by the wounding process 
and G. boninense infection, which is in agreement with previous results reported 
by Chong (2010).  
Apart from the physiological symptoms, the effects of G. boninense infection 
on the underlying molecular and biochemical regulation events of lignin 
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biosynthesis enzymes and genes was also investigated in the oil palm plantlets 
upon artificial in planta infection (Chapter 5).  In this chapter, enzyme activity and 
relative gene expressions of four lignin biosynthesis candidates (PAL, C4H, COMT 
and CAD) were the focus of the study.  PCR sequencing of the four genes involved 
in the biosynthesis of lignin indicated that the primer sets used in this study were 
specific.  The results were gene sequences of 108 to 230 bp, scoring 91 to 98% 
similarities with multiple homologous sequences from GenBank.  Additionally, the 
specificity of the primer sets was confirmed using qPCR, where single fluorescent 
peaks with high amplitude determined individual derivative melt curves and the 
results were complimented with corresponding gel electrophoresis and DNA melting 
curves predicted by the µMelt programme. 
Activation of lignin biosynthesis enzymes was detected in oil palm plantlets 
after infection by G. boninense, except for the CAD enzyme, which showed a 
reduction in enzyme activity throughout the experiment.  PAL and COMT enzyme 
activities were induced at 2 to 4 days post peak expression of their corresponding 
genes.  Such a delay in enzyme activation could be due to a decline in the post-
transcriptional modification efficiency of impaired oil palm tissues (Ballester et al., 
2006).  Meanwhile, transcriptional regulation of lignin biosynthesis enzyme 
isoforms by multigene families was observed in C4H and CAD enzyme profiles.  An 
early activation of C4H enzyme was identified in infected oil palm plantlets at 2 DPI, 
but the expression of EgC4H was down-regulated during that time.  In contrast, 
early induction of EgCAD expression in both wounded and infected plantlets did not 
lead to an activation of CAD enzyme during the 8 days of incubation, indicating the 
expression of EgCAD could be activating different isoforms of CAD enzymes that 
have higher affinity to other enzyme substrates apart from cinnamylaldehyde 
(Hano et al., 2006).  
Generally, relative expression of these target genes was up-regulated in the 
plantlets upon wounding and infection, but the pattern and timing of inductions 
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were not similar.  In wounded and infected plantlets, EgPAL, EgCOMT and EgCAD 
were expressed transiently, with a biphasic induction pattern observed in the 
regulation of the EgPAL and EgCAD genes.  It is suggested that the induction of the 
lignin biosynthesis genes is related to the plant’s PAMP-triggered immunity (Jones 
and Dangl, 2006; Ho and Chai, 2015) and the biphasic induction pattern observed 
resembles a typical oxidative burst profile in plants upon stress (Lamb and Dixon, 
1997).  This implies that the regulation of the biosynthesis genes in oil palm could 
be influenced by ROS oxidative events.  In contrast, EgC4H was initially down-
regulated, but the expression increased significantly during the experimental period, 
indicating that this gene could be involved in the regulation of SAR defence 
mechanisms in oil palm towards stress (Selvaraj et al., 2014).   
 Subsequently, the effects of G. boninense infection on the lignin profiles of 
oil palm plantlets were evaluated by 1) determining the total lignin content, 2) 
observing the deposition pattern of lignin and 3) quantifying the composition of two 
major derivatives of lignin monomers (syringaldehyde and vanillin) in oil palm 
(Chapter 6).  As shown from the results in Chapter 6, infected plantlets 
accumulated significantly higher amounts of total lignin at 8 DPI, which was mainly 
deposited on the vascular bundle, epidermal and collenchyma cells and cuticle 
layers of oil palm plantlets by TBO and Maúle stainings.  However, deposition of G-
lignin was not detected in oil palm plantlets from histochemical staining using 
phloroglucinol-HCl, under different treatments. Quantification of syringaldehyde 
(S-lignin derivative) and vanillin (G-lignin derivative) contents showed that both 
derivatives accumulated in wounded and infected plantlets, mainly on Day 4 and 6 
post-treatment, respectively.  In addition, it was noticed that the content of vanillin 
(353% increment) increased more than syringaldehyde (59% increment) in the 
infected plantlets, suggesting that G-lignin was induced more significantly in oil 
palm upon infection, which due to its complex cross-linking properties, provides 
more strength to the plant cell wall (Menden et al., 2007; Eynck et al., 2012).  
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Nevertheless, vanillin was still present at lower levels than syringaldehyde in oil 
palm plantlets (G:S at 1:2 to 1:6.76), with or without the presence of stress factors.  
Low levels of G-lignin in oil palm plantlets could be explained by the young age of 
plantlets (one month-old) and the nature of oil palm lignin composition.  From this 
chapter, the contents of total lignin and its derivatives were induced higher in oil 
palm by G. boninense infection as compared to induction by the wounding response.  
Besides, it was predicted that other types of lignin derivatives might be 
accumulated in the plantlets upon infection (Pomar et al., 2004) and contributed 
to the high level of total lignin content at 8 DPI.  
From this study, induction of the lignin biosynthesis enzymes and genes due 
to stress altered the lignin profiles in oil palm plantlets at a greater extend as 
compared to the untreated controls, where total lignin and its derivatives were 
accumulated at a later time point.  The results were comparable with previous 
studies conducted by Zhang et al. (2007), Bi et al. (2010), Xu et al. (2011) and 
Saidi et al. (2013).   However, early induction of defence responses in oil palm 
lignin biosynthesis upon infection by G. boninense might be suppressed by the 
fungal pathogen, once the disease has established in oil palm and this ultimately 
leads to the susceptibility of oil palm towards G. boninense infection.  Although an 
inhibition of total lignin accumulation was not observed in the infected plantlets, 
relative expression of EgPAL, EgCOMT and EgCAD in these plantlets was lower as 
compared to expression in wounded plantlets during the later phase of the 
experiment.  Similarly, COMT enzyme activity in infected plantlets was also found 
to be lower than in wounded plantlets on Day 8.  Suppression of the regulation of 
lignin biosyntheisis genes could be due to the 1) masking effect of fungal PAMPs so 
that the fungus can utilise host-derived nutrients without being eliminated by the 
plant defence mechanisms (Dupont et al., 2015; Rudd et al., 2015), 2) inhibition 
of plant defence responses by the fungus through the production of SSPs (Plett et 
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al., 2011; Ballester et al., 2013) or 3) by the host plant itself through programmed 
cell death (PCD) (Schardl et al., 2004).   
Overall, during infection by G. boninense, leaf chlorophyll content in young 
plantlets of oil palm is reduced and this contributes to an increase in the levels of 
DSI and total phenolic content.  Additionally, G. boninense grows in abundance and 
colonises the internal tissues of young plantlets at the site of infection. At the same 
time, cell wall lignification is triggered in oil palm plantlets upon wounding and the 
recognition of Ganoderma PAMPs, through early expression of gene intermediates 
and this involves the lignin biosynthesis pathway (EgPAL, EgC4H, EgCOMT and 
EgCAD), with different patterns and timing of induction.  Meanwhile, lignin 
biosynthesis enzymes encoded by these genes are also activated and induced later 
in the infected plantlets, except for CAD enzyme.  The complexity of the lignin 
biosynthesis process at both transcriptional and post-transcriptional levels was 
observed in oil palm plantlets during infection by G. boninense.  From this study, 
potential regulation of different isoenzymes by multiple gene families was indicated 
from the results.  Consequently, induction of lignin biosynthesis genes and enzymes 
in infected plantlets resulted in the accumulation and deposition of total lignin 
contents and their major derivatives (syringaldehyde and vanillin), mainly on the 
cuticle layer, vascular bundle and epidermal and collenchyma in the cell.  A 
schematic diagram of the underlying lignin biosynthesis events and defence 
response in oil palm upon infection by G. boninense is illustrated in Figure 7.1. 
This has been the first study undertaken to determine the early defence 
responses in oil palm lignin biosynthesis during G. boninense infection, in terms of 
the regulation of four key lignin biosynthesis enzymes and genes and the record of 
changes in lignin profiles in young plantlets of oil palm.  Nevertheless, many 
questions regarding the underlying multistep events on the regulation of lignin 
biosynthesis process in oil palm were not answered (Figure 7.1, question marks).  
Since G. boninense showed higher preference and ability to “consume” cellulose as 
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compared to lignin (Ali et al., 2004), it is postulated that an increase of lignin 
content in oil palm could enhance its tolerance towards the infection and delay the 
progression of BSR disease.  This could be a temporary solution to the BSR problem 
in oil palm, before the development of effective cures or prevention approaches.  It 
is proposed that future research should focus on the:- 
1) Functional and characterisation analysis of multigene families and isoenzymes 
of oil palm intermediates for lignin biosynthesis. 
2) Regulation of individual intermediates for lignin biosynthesis and their 
interactions with other stress-induced defence mechanisms (phytoalexin, 
oxidative burst, etc.) in oil palm. 
3) Up-regulation of lignin biosynthesis in oil palm with constitutive expression 
manner to increase the rigidity and strength of their cell wall.  
4) Selective screening and breeding for oil palm with enriched G- and H-lignin.  
5) Elicitation of lignification in oil palm by different stress factors and elicitors to 
induce the accumulation of lignin in oil palm cell wall. 
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Figure 7.1 Summary of the putative underlying lignin biosynthesis events and 
defence responses in oil palm upon infection by G. boninense.  The words in green 
represent an induction of lignin biosynthesis enzymes activities and gene 
expressions; meanwhile, the word in red indicates a reduction of lignin biosynthesis 
enzymes activities and gene expressions.  Blue line represents putative defence 
response in oil palm; while broken line represents the biosynthesis pathway with 
multiple steps.  The question marks highlight the knowledge gaps in the underlying 
events of oil palm lignin biosynthesis towards Ganoderma spp.  Abbreviations: G, 
G. boninense; CW, cell wall; CM, cell membrane; PAMPs, pathogen-associated 
molecular patterns; CWDEs, cell wall degrading enzymes; PRR, pattern recognition 
receptor; PAL, phenylalanine ammonia lyase; C4H, cinnamate 4-hydroxylase; 
COMT, caffeic acid O-methyltransferase; CAD, cinnamyl alcohol dehydrogenase; 
VB, vascular bundle; C, collenchyma; CU, cuticle layer.  
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APPENDICES 
Appendix A – Preparation of nutrient medium and chemical solutions for 
biochemical assays 
A1: Nutrient media. 
1. Potato Dextrose Agar (PDA): 19.50 g PDA (w/v) (Merck, Germany) was 
dissolved in 500 ml purified water (dH2O).  
2. Murashige and Skoog (MS): 2.20 g Murashige and Skoog (w/v) (Duchefa, 
Netherlands) and 15 g of sucrose (w/v) (Duchefa, Netherlands) was dissolved 
in 500 ml of dH2O.  The pH of the solution was adjusted to 5.7 using a pH meter 
(Eutech Instrument, pH510) with dilute hydrochloric acid.  Next, 1.60 g phytagel 
powder (w/v) (Sigma, USA) was dissolved in the solution. 
3. Malt Extract Broth (MEB): 8.5 g MEB (w/v) (Merck, Germany) was dissolved 
in 500 ml purified water (dH2O). 
Autoclaved media were kept in a water bath (Yih Der, BH-320) at 50 to 60 ⁰C for a 
maximum of one day.  Approximately 25 ml of PDA media were poured into sterile 
Petri dishes (Favorit, 90 x 15 mm).  All media were allowed to solidify in a laminar 
flow cabinet (Esco Micro, AHC-5A1).  Solidified media were stored at 10 ⁰C for a 
maximum of 3 days and 1 week for MS and PDA respectively.  
 
A2: Total phenolic assay 
1. 80% methanol: 160 ml absolute methanol (v/v) (SYSTERM®, Malaysia) was 
diluted with 40 ml dH2O.  
2. 15% sodium carbonate (Na2CO3): 15 g sodium carbonate (w/v) (R&M 
Chemical, USA) was dissolved in 100 ml dH2O. 
3. 10 mg ml-1 gallic acid: 10 mg of gallic acid (w/v) (R&M Chemical, USA) were 
dissolved in 1.0 ml 80% methanol (v/v). The solution was prepared freshly prior 
to use in a 1.5 ml micro-centrifuge tube and further diluted into desired 
concentration to generate the standard curve.  
 
A3: CTAB DNA extraction 
1. 1 M Tris hydrochloric acid (HCl) (pH 8.0): 12.14 g Tris base (w/v) (Promega, 
USA) was dissolved in 100 ml dH2O.  The pH of the solution was adjusted to 8.0 
with 6 M concentrated hydrochloric acid.  
2. 0.5 M ethylene-diaminete-traacetic acid (EDTA) (pH 8.0): 18.16 g EDTA 
(w/v) (Promega, USA) was dissolved in 100 ml dH2O.  The pH of the solution 
was adjusted to 8.0 with 10 M concentrated sodium hydroxide.  
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3. 5 M sodium chloride (NaCl): 29.22 g NaCl (w/v) (R&M Chemical, USA) was 
dissolved in 100 ml dH2O. 
4. 10% dodecyltrimethyl-ammonium bromide, ~99% (CTAB): 30.83 g CTAB 
(w/v) (Acros Organics, USA) was dissolved in 100 ml dH2O. 
5. 5% polyphenol-pyrollidine (PVP): 5.80 g PVP (w/v) (Acros Organics, USA) 
was dissolved in 100 ml dH2O. 
6. 3 M sodium acetate (NaAc) (pH 5.0): 49.22 g sodium acetate (w/v) 
(SYSTERM®, Malaysia) was dissolved in 200 ml of dH2O.  The pH of the solution 
was adjusted to 5.0 with concentrated acetic acid.  
7. Methanol containing 0.1% (v/v) 2-mercaptoethanol: 0.10 ml 2-
mecaptoethanol (Sigma, USA) was dissolved in 100 ml of methanol.  The 
solution was prepared freshly prior to use and should not be autoclaved. 
8. TES buffer (100 mM Tris, pH 8.0; 10 mM EDTA; 2% SDS): 2.42 g Tris base 
(w/v) (Promega, USA), 0.74 g EDTA (w/v) (Promega, USA) and 4.00 g sodium 
dodecyl sulphate (SDS) (w/v) (Promega, USA) were dissolved in 200 ml of dH2O. 
The pH of the solution was adjusted to 8.0. 
9. 0.1 mg ml-1 Proteinase K: 0.10 mg Proteinase K (w/v) (Worthington, USA) 
was dissolved in 1 ml of dH2O and filter sterilised into a 1.5 ml microcentrifuge 
tube.  The solution was prepared freshly prior to use and should not be 
autoclaved due to its heat sensitive properties.  
 
A4: Total RNA extraction 
1. 0.1 M sodium hydroxide (NaOH): 4 g sodium hydroxide (w/v) (SYSTERM®, 
Malaysia) was dissolved in 1000 ml dH2O. 
2. 1 mM EDTA: 0.29 g EDTA (w/v) (Promega, USA) was dissolved in 1000 ml dH2O. 
The pH of the solution was adjusted to 8.0 with sodium hydroxide. 
3. RNAse-free water (0.1% diethyl pyrocarbonate, DEPC): 0.1 ml diethyl 
pyrocarbonate (v/v) (Sigma-Aldrich, USA) was mixed with 100 ml dH2O and 
shake vigorously.  The solution was incubated for 12 hr at 37°C prior to 
autoclave.  
4. 75% ethanol: 75 ml of absolute ethanol (v/v) (SYSTERM®, Malaysia) were 
mixed with 25 ml of RNAse-free water. The solution should not be autoclaved. 
 
A5: Master mix and kit components  
1. PCR master mix: GoTaq® PCR Core System (Promega, USA) containing 5X 
Green GoTaq® Flexi Buffer, 25 mM MgCl₂, 10 mM dNTP and 5.0 U μl-1 GoTaq® 
Flexi DNA polymerase; 10 μM forward primer (IDT, USA) and 10 μM reverse 
primer (IDT, USA); nuclease free water. 
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2. 1.5% agarose gel: 1.50 g agarose (w/v) (1st Base, Singapore) was dissolved 
in 100 ml 1X Tris-Borate-EDTA (TBE) buffer (1st Base, Singapore). Solution was 
dissolved using microwave (Sharp, JP) before adding 3 μl SYBR safe dyes 
(Invitrogen, USA). The gel was covered with aluminium foil during solidification 
as SYBR safe is light-sensitive. 
3. Agarose gel products purification: GF-1 Nucleic Acid Extraction Kit (Vivantis, 
USA) containing Buffer GB, Wash Buffer containing absolute ethanol, Elution 
Buffer. 
4. cDNA synthesis kit: MMLV 1st Strand cDNA Synthesis Kit (Epicenter, USA) 
containing 50 U µl-1 MMLV reverse transcriptase, MMLV RT 10X reaction buffer, 
40 U µl-1 RiboGuardTM RNase inhibitor, 100 mM dithiothreitol (DTT), 5 mM dNTP 
premix, 10 µM oligo(dT) 21 primer, 50 µM random nonamer primers and RNase-
free water. 
5. qPCR master mix: KAPA SYBR FAST qPCR Kit Master Mix (2X) Universal (Kapa 
Biosystems), 10 μM forward primer (IDT, USA) and 10 μM reverse primer (IDT, 
USA), nuclease free water. 
 
A6: Lignin biosynthesis enzymes extraction and assays  
All assay buffers and substrates were prepared freshly prior to use by filter 
sterilisation with 0.40 µM filter cap (Sartorius, Germany).   
1. PAL and CAD enzymes extraction buffer [0.1 M Tris-HCL (pH 7.6), 2 mM 2-
mercaptoethanol and 0.5% poly(ethylene)glycol (PEG)]: 1.58 g Tris-HCL (w/v) 
(Promega, USA), 14 µl 2-mercaptoethanol (v/v) (Sigma, USA) and 0.5 g PEG 
8000 (w/v) (Promega, USA) were dissolved in 100 ml dH2O. The pH of this buffer 
was adjusted to 7.6 with sodium hydroxide. 
2. C4H enzyme extraction buffer [200 mM potassium phosphate buffer (pH 7.5) 
containing 2 mM 2-mercaptoethanol]: 17.42 g potassium phosphate, dibasic 
(K2HPO4) (w/v) (Sigma, USA) and 13.61 g potassium phosphate, monobasic 
(KH2PO4) (w/v) (Sigma, USA) were dissolved in 100 ml of dH2O separately to 
make potassium phosphate buffer at 1 M concentration.  3.76 ml 1 M KH2PO4 
and 16.24 ml 1 M K2HPO4 was mixed together and the volume was topped up to 
100 ml with dH2O. The pH of buffer solution was adjusted to 7.5 before adding 
14 µl 2-mercaptoethanol (Sigma, USA).  
3. COMT enzyme extraction buffer [100 mM Tris-HCL (pH 7.5), 0.2 mM MgCl2, 
10% glycerol and 2 mM dithiothreitol (DTT)]: 1.58 g Tris-HCL (w/v) (Promega, 
USA) and 0.4 mg magnesium chloride (MgCl2) (w/v) (Merck, Germany) were 
dissolved in 80 ml dH2O.  The buffer’s pH was adjusted to 7.5 with sodium 
hydroxide.  10 ml glycerol (v/v) (BioBasic Inc., USA) and 200 µl DTT (v/v) 
220 
 
(Sigma, USA) solutions were mixed into the buffer and the total volume were 
topped up to 100 ml with dH2O. 
4. PAL assay buffer [0.1 M Tris-HCL buffers (pH 8.5) with 12 mM L-
phenylalanine]: 19.80 mg L-phenylalanine (w/v) (Sigma, USA) was dissolved in 
10 ml 0.1 M Tris-HCL buffer (pH 8.5) (Promega, USA). 
5. C4H assay buffer [50 mM potassium phosphate buffer (pH 7.5), 10 µM NADPH, 
10 µM trans-cinnamic acid]: 1.48 mg trans-cinnamic acid (w/v) (Sigma, USA) 
and 8.33 mg NADPH (w/v) (Sigma, USA) was dissolved in 10 ml dH2O to make 
stock solution at 1 mM concentration.  94 µl 1 M KH2PO4, 406 µl 1 M K2HPO4, 
100 µl 1 mM trans-cinnamic acid and 100 µl 1 mM NADPH solution were mixed 
and the total volume of solution was topped up to 10 ml with dH2O. 
6. 0.1 M potassium phosphate buffer (pH 7.6): 1.88 ml 1 M KH2PO4, 8.12 ml 
1 M K2HPO4 and 90 ml dH2O were combined and the pH of solution was adjusted 
with sodium hydroxide.   
7. 20 mM zinc sulphate heptahydrate (ZnSO4.7H2O): 0.58 g of zinc sulphate 
(w/v) (SYSTERM®, Malaysia) was dissolved in 100 ml dH2O. 
8. 1 mM cinnamaldehyde: 126.1 µl cinnamaldehyde (v/v) (Sigma, USA) was 
diluted in 10 ml dH2O.  
9. 1 mM NADPH: 8.30 mg NADPH (w/v) (Sigma, USA) was dissolved in 10 ml 
dH2O. 
10. 0.6 mM [14CH3] –S-adenosyl-L-Met (SAM): 2.40 mg SAM (w/v) (Sigma, 
USA) was dissolved in 10 ml dH2O. 
11. 1 mM caffeic acid:  1.80 mg caffeic acid (w/v) (Sigma, USA) was dissolved 
in 10 ml dH2O. 
12. 15% sodium carbonate (Na2CO3): 15.00 g sodium carbonate (w/v) (R&M 
Chemicals, USA) was dissolved in 100 ml dH2O. 
 
A7: Thioglycolic acid (LTGA) assay 
1. 80% methanol: 400 ml absolute methanol (vw/v) (SYSTERM®, Malaysia) was 
diluted with 100 ml dH2O. 
2. 2 N HCl: 33.34 ml 12 N HCl (v/v) (RCI Labscan, Thailand) was diluted with 
166.66 ml dH2O.   
3. 0.1 N HCL: 0.83 ml 12 N HCl (v/v) (RCI Labscan, Thailand) was diluted with 
99.17 ml dH2O. 
4. 0.5 N NaOH: 4.0 g of NaOH (w/v) (SYSTERM®, Malaysia) was dissolved in 200 
ml dH2O.  
 
A8: Histochemical staining 
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1. 0.2 M sodium phosphate buffer, pH 7.2: 28 ml Solution A [2.40 g anhydrous 
monosodium phosphate (NaH2PO4) (w/v) (Sigma, USA) in 100 ml dH2O] and 72 
ml of Solution B [7.16 g anhydrous disodium phosphate (Na2HPO4.12H2O) (w/v) 
(Sigma, USA) in 100 ml dH2O] were mixed. The pH of the solution was adjusted 
to 7.2 with sodium hydroxide. 
2. 10% paraformaldehyde: 10 g of paraformaldehyde (v/v) (Merck, Germany) 
were dissolved in 100 ml dH2O. The solution were stirred on hot plate stirrer 
(LMS, HTS-1003) at around 60 to 65°C inside the fume hood cabinet (Fisher 
Hamilton, SafeAire II) to dissolve completely. 1 N sodium hydroxide (w/v) 
(SYSTERM®, Malaysia) was added by drops to get clear solution.  
3. Glutaraldehyde-paraformaldehyde-caffeine fixing solution: 50 ml 0.2 M 
phosphate buffer, pH 7.2, 20 ml 10% paraformaldehyde (v/v), 4 ml 25% 
glutaraldehyde (v/v) (Sigma, USA), 1 g caffeine (w/v) (Sigma, USA) and 26 ml 
dH2O were mixed and stored at room temperature in dark condition.   
4. Impregnation solution: 1 g of Technovit 7100 hardener I (w/v) (Heraeus 
Kulzer, Germany) was dissolved in 100 ml Technovit 7100 (v/v) (Heraeus Kulzer, 
Germany).  
5. Historesin mounting medium: 1 tsp of Technovit 3040 (w/v) (Heraeus Kulzer, 
Germany) was mixed with appropriate amount of Technovit universal liquid (v/v) 
(Heraeus Kulzer, Germany) until paste like mixture was obtained.  
6. 0.2 M sodium acetate buffer, pH 4.6: Equal volume of Solution A [1.20 ml 
acetic acid (v/v) (Nacalai Tesque, Japan) in 98.80 ml dH2O) and Solution B (2.72 
g anhydrous sodium acetate (NaAc.3H2O) (w/v) (SYSTERM®, Malaysia) in 95 
ml dH2O) were mixed. The pH of the solution was adjusted accordingly. 
7. 0.5% Toluidine Blue O (TBO): 0.50 g of Toluidine Blue O (w/v) (Sigma-
Aldrich, USA) were dissolved in 0.2 M sodium acetate buffer, pH 4.6 and stored 
in dark condition.  
8. Phloroglucinol in 20% HCl: 2 g phloroglucinol (w/v) (Sigma, USA) were 
dissolved in 80 ml 20% ethanol (v/v) (RCI Labscan, Thailand). A volume of 20 
ml 2 N HCl (v/v) (RCI Labscan, Thailand) were added to the solution in fume 
hood cabinet.  
9. 0.5% potassium permanganate (KMnO4): 0.5 g potassium permanganate 
(w/v) (Merck, Germany) was dissolved in 100 ml dH2O in fume hood cabinet and 
store in dark.  
10. 30% glycerol: 6 ml of glycerol (v/v) (BioBasic Inc., USA) was diluted in 14 
ml of dH2O.  
 
A9: Thioacidolysis and GC-FID analysis  
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1. Extraction mixture (2.5% boron trifluoride etherate (BF3. O(Et)2) and 10% 
ethanethiol (C2H6S) in dioxane (C4H8O2) (v/v)): 1 ml boron trifluoride etherate 
(v/v) (Sigma, USA), 4 ml ethanethiol (v/v) (Sigma, USA) and 37.88 ml dioxane 
(v/v) (Sigma, USA) were mixed and prepared freshly prior to use in fume hood 
cabinet. 
2. 5 mg ml-1 tetracosane: 35 mg tetracosane (w/v) (Sigma, USA) was dissolved 
in 7 ml dichloromethane (CH2Cl2) (v/v) (Sigma, USA) freshly prior to use in fume 
hood cabinet. 
3. 0.4 M sodium bicarbonate (NaHCO3): 3.36 g sodium bicarbonate (w/v) (R&M 
Chemical, USA) was dissolved in 100 ml dH2O and store at room temperature. 
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Appendix B – Standard curves 
B1: Total phenolic assay standard curve. 
 
B2: BSA protein standard curve for PAL and CAD enzyme assays. 
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B3: BSA protein standard curve for C4H enzyme assay. 
 
B4: Ferulic acid standard curve. 
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B5: Syringaldehyde standard curve. 
 
B6: Vanillin standard curve. 
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Appendix C – Analysis of variance  
C1: One-way ANOVA analysis of the disease severity of oil palm plantlets. 
 
C2: One-way ANOVA analysis of the height of oil palm plantlets. 
Day 0      
ANOVA Table SS df MS     
Treatment (between columns) 20.56 2 10.28     
Residual (within columns) 278.4 78 3.569     
Total 298.9 80       
Tukey's Multiple Comparison Test 
Mean 
Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 1.056 2.903 No ns -0.1755 to 2.287 
T1 vs T3 1.081 2.975 No ns -0.1496 to 2.313 
Day 0      
ANOVA Table SS df MS     
Treatment (between columns) 11.99 2 5.996     
Residual (within columns) 82.25 6 13.71     
Total 94.24 8       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 -1.850 0.8654 No ns -11.13 to 7.425 
T1 vs T3 -2.777 1.299 No ns -12.05 to 6.499 
T2 vs T3 -0.9267 0.4335 No ns -10.20 to 8.349 
Day 2      
ANOVA Table SS df MS     
Treatment (between columns) 514.3 2 257.2     
Residual (within columns) 195.5 6 32.58     
Total 709.8 8       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 -9.257 2.809 No ns -23.56 to 5.043 
T1 vs T3 -18.52 5.619 Yes * -32.82 to -4.217 
T2 vs T3 -9.260 2.810 No ns -23.56 to 5.039 
Day 4      
ANOVA Table SS df MS     
Treatment (between columns) 1764 2 882.2     
Residual (within columns) 118.3 6 19.72     
Total 1883 8       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 -15.74 6.140 Yes * -26.86 to -4.616 
T1 vs T3 -34.26 13.36 Yes *** -45.38 to -23.14 
T2 vs T3 -18.52 7.224 Yes ** -29.64 to -7.396 
Day 6      
ANOVA Table SS df MS     
Treatment (between columns) 3860 2 1930     
Residual (within columns) 159.5 6 26.58     
Total 4019 8       
Tukey's Multiple Comparison Test Mean Diff. q  P < 0.05? Summary 95% CI of diff 
T1 vs T2 -17.59 5.909 Yes * -30.51 to -4.674 
T1 vs T3 -50.00 16.80 Yes *** -62.92 to -37.08 
T2 vs T3 -32.41 10.89 Yes *** -45.33 to -19.49 
Day 8           
ANOVA Table SS df MS     
Treatment (between columns) 6332 2 3166     
Residual (within columns) 87.38 6 14.56     
Total 6419 8       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 -17.59 7.983 Yes ** -27.15 to -8.030 
T1 vs T3 -62.96 28.57 Yes *** -72.52 to -53.40 
T2 vs T3 -45.37 20.59 Yes *** -54.93 to -35.81 
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T2 vs T3 0.02593 0.07131 No ns -1.205 to 1.257 
Day 2      
ANOVA Table SS df MS     
Treatment (between columns) 11.89 2 5.944     
Residual (within columns) 449.8 78 5.767     
Total 461.7 80       
Tukey's Multiple Comparison Test 
Mean 
Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 0.6889 1.491 No ns -0.8760 to 2.254 
T1 vs T3 0.8963 1.939 No ns -0.6686 to 2.461 
T2 vs T3 0.2074 0.4488 No ns -1.358 to 1.772 
Day 4      
ANOVA Table SS df MS     
Treatment (between columns) 4.983 2 2.491     
Residual (within columns) 274.2 78 3.515     
Total 279.2 80       
Tukey's Multiple Comparison Test 
Mean 
Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 -0.2926 0.8109 No ns -1.514 to 0.9292 
T1 vs T3 0.3148 0.8725 No ns -0.9070 to 1.537 
T2 vs T3 0.6074 1.683 No ns -0.6144 to 1.829 
Day 6      
ANOVA Table SS df MS     
Treatment (between columns) 7.802 2 3.901     
Residual (within columns) 325.4 78 4.172     
Total 333.2 80       
Tukey's Multiple Comparison Test 
Mean 
Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 -0.5185 1.319 No ns -1.850 to 0.8125 
T1 vs T3 0.2222 0.5653 No ns -1.109 to 1.553 
T2 vs T3 0.7407 1.884 No ns -0.5903 to 2.072 
Day 8      
ANOVA Table SS df MS     
Treatment (between columns) 2.540 2 1.270     
Residual (within columns) 239.6 78 3.072     
Total 242.1 80       
Tukey's Multiple Comparison Test 
Mean 
Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 0.4296 1.274 No ns -0.7125 to 1.572 
T1 vs T3 0.2667 0.7906 No ns -0.8754 to 1.409 
T2 vs T3 -0.1630 0.4832 No ns -1.305 to 0.9791 
 
C3: One-way ANOVA analysis of the weight of oil palm plantlets. 
Day 0      
ANOVA Table SS df MS     
Treatment (between columns) 0.03397 2 0.01699     
Residual (within columns) 3.114 78 0.03993     
Total 3.148 80       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 -0.04330 1.126 No ns -0.1735 to 0.08692 
T1 vs T3 -0.04359 1.134 No ns -0.1738 to 0.08662 
T2 vs T3 
-
0.0002964 0.007706 No ns -0.1305 to 0.1299 
Day 2      
ANOVA Table SS df MS     
Treatment (between columns) 0.09940 2 0.04970     
Residual (within columns) 3.630 78 0.04654     
Total 3.730 80       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 -0.006296 0.1517 No ns -0.1469 to 0.1343 
T1 vs T3 0.07096 1.709 No ns -0.06962 to 0.2115 
T2 vs T3 0.07726 1.861 No ns -0.06333 to 0.2178 
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Day 4      
ANOVA Table SS df MS     
Treatment (between columns) 0.3450 2 0.1725     
Residual (within columns) 3.252 78 0.04169     
Total 3.597 80       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 -0.1123 2.857 No ns -0.2453 to 0.02080 
T1 vs T3 0.04244 1.080 No ns -0.09061 to 0.1755 
T2 vs T3 0.1547 3.937 Yes * 0.02165 to 0.2878 
Day 6      
ANOVA Table SS df MS     
Treatment (between columns) 0.07592 2 0.03796     
Residual (within columns) 5.620 78 0.07206     
Total 5.696 80       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 -0.01696 0.3284 No ns -0.1919 to 0.1580 
T1 vs T3 0.05478 1.060 No ns -0.1201 to 0.2297 
T2 vs T3 0.07174 1.389 No ns -0.1032 to 0.2467 
Day 8      
ANOVA Table SS df MS     
Treatment (between columns) 0.06834 2 0.03417     
Residual (within columns) 3.702 78 0.04746     
Total 3.770 80       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 0.01256 0.2995 No ns -0.1294 to 0.1545 
T1 vs T3 0.06693 1.596 No ns -0.07503 to 0.2089 
T2 vs T3 0.05437 1.297 No ns -0.08759 to 0.1963 
 
C4: One-way ANOVA analysis of the stem diameter of oil palm plantlets. 
Day 0      
ANOVA Table SS df MS     
Treatment (between columns) 1.800 2 0.9002     
Residual (within columns) 33.45 78 0.4289     
Total 35.25 80       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 -0.1848 1.466 No ns -0.6116 to 0.2420 
T1 vs T3 -0.3652 2.898 No ns -0.7920 to 0.06158 
T2 vs T3 -0.1804 1.431 No ns -0.6071 to 0.2464 
Day 2      
ANOVA Table SS df MS     
Treatment (between columns) 2.262 2 1.131     
Residual (within columns) 74.20 78 0.9513     
Total 76.46 80       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 -0.3248 1.730 No ns -0.9604 to 0.3108 
T1 vs T3 0.05333 0.2841 No ns -0.5823 to 0.6889 
T2 vs T3 0.3781 2.015 No ns -0.2574 to 1.014 
Day 4      
ANOVA Table SS df MS     
Treatment (between columns) 3.094 2 1.547     
Residual (within columns) 53.36 78 0.6841     
Total 56.46 80       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 -0.4778 3.002 No ns -1.017 to 0.06122 
T1 vs T3 -0.2652 1.666 No ns -0.8042 to 0.2738 
T2 vs T3 0.2126 1.336 No ns -0.3264 to 0.7516 
Day 6      
ANOVA Table SS df MS     
Treatment (between columns) 3.817 2 1.908     
Residual (within columns) 61.63 78 0.7901     
Total 65.44 80       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
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T1 vs T2 -0.5315 3.107 No ns -1.111 to 0.04776 
T1 vs T3 -0.2793 1.632 No ns -0.8585 to 0.3000 
T2 vs T3 0.2522 1.474 No ns -0.3270 to 0.8315 
Day 8      
ANOVA Table SS df MS     
Treatment (between columns) 0.7108 2 0.3554     
Residual (within columns) 70.68 78 0.9062     
Total 71.40 80       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 -0.2289 1.249 No ns -0.8492 to 0.3915 
T1 vs T3 -0.1285 0.7015 No ns -0.7489 to 0.4918 
T2 vs T3 0.1004 0.5479 No ns -0.5200 to 0.7207 
 
C5: One-way ANOVA analysis of the root length of oil palm plantlets. 
Day 0      
ANOVA Table SS df MS     
Treatment (between columns) 81.16 2 40.58     
Residual (within columns) 1806 78 23.15     
Total 1887 80       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 2.439 2.634 No ns -0.6966 to 5.574 
T1 vs T3 1.000 1.080 No ns -2.135 to 4.136 
T2 vs T3 -1.439 1.554 No ns -4.574 to 1.697 
Day 2      
ANOVA Table SS df MS     
Treatment (between columns) 95.80 2 47.90     
Residual (within columns) 2240 78 28.72     
Total 2336 80       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 -0.1837 0.1781 No ns -3.676 to 3.309 
T1 vs T3 -2.393 2.321 No ns -5.886 to 1.099 
T2 vs T3 -2.210 2.142 No ns -5.702 to 1.283 
Day 4      
ANOVA Table SS df MS     
Treatment (between columns) 3.555 2 1.777     
Residual (within columns) 1924 78 24.67     
Total 1928 80       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 0.4293 0.4491 No ns -2.807 to 3.666 
T1 vs T3 0.4581 0.4793 No ns -2.778 to 3.695 
T2 vs T3 0.02889 0.03022 No ns -3.208 to 3.265 
Day 6      
ANOVA Table SS df MS     
Treatment (between columns) 130.2 2 65.08     
Residual (within columns) 3027 78 38.81     
Total 3157 80       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 -3.104 2.590 No ns -7.164 to 0.9550 
T1 vs T3 -1.601 1.336 No ns -5.661 to 2.458 
T2 vs T3 1.503 1.254 No ns -2.556 to 5.562 
Day 8      
ANOVA Table SS df MS     
Treatment (between columns) 159.5 2 79.77     
Residual (within columns) 2897 78 37.14     
Total 3057 80       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 3.193 2.722 No ns -0.7786 to 7.165 
T1 vs T3 0.4933 0.4206 No ns -3.478 to 4.465 
T2 vs T3 -2.700 2.302 No ns -6.671 to 1.272 
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C6: One-way ANOVA analysis of the leaf chlorophyll content of oil palm plantlets. 
Day 0      
ANOVA Table SS df MS     
Treatment (between columns) 0.3670 2 0.1835     
Residual (within columns) 78.38 6 13.06     
Total 78.75 8       
Tukey's Multiple Comparison Test Mean Diff. q  P < 0.05? Summary 95% CI of diff 
T1 vs T2 -0.4267 0.2045 No ns -9.481 to 8.628 
T1 vs T3 -0.4300 0.2061 No ns -9.484 to 8.624 
T2 vs T3 -0.003334 0.001598 No ns -9.058 to 9.051 
Day 2      
ANOVA Table SS df MS     
Treatment (between columns) 151.0 2 75.52     
Residual (within columns) 59.00 6 9.834     
Total 210.0 8       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 3.757 2.075 No ns -4.099 to 11.61 
T1 vs T3 9.937 5.488 Yes * 2.081 to 17.79 
T2 vs T3 6.180 3.413 No ns -1.676 to 14.04 
Day 4      
ANOVA Table SS df MS     
Treatment (between columns) 205.6 2 102.8     
Residual (within columns) 39.79 6 6.632     
Total 245.4 8       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 7.540 5.071 Yes * 1.089 to 13.99 
T1 vs T3 11.53 7.752 Yes ** 5.075 to 17.98 
T2 vs T3 3.987 2.681 No ns -2.465 to 10.44 
Day 6      
ANOVA Table SS df MS     
Treatment (between columns) 335.2 2 167.6     
Residual (within columns) 8.933 6 1.489     
Total 344.1 8       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 8.390 11.91 Yes *** 5.333 to 11.45 
T1 vs T3 14.91 21.17 Yes *** 11.85 to 17.97 
T2 vs T3 6.520 9.255 Yes ** 3.463 to 9.577 
Day 8      
ANOVA Table SS df MS     
Treatment (between columns) 624.9 2 312.4     
Residual (within columns) 17.29 6 2.881     
Total 642.2 8       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 13.14 13.40 Yes *** 8.884 to 17.39 
T1 vs T3 20.10 20.51 Yes *** 15.84 to 24.35 
T2 vs T3 6.960 7.102 Yes ** 2.708 to 11.21 
 
C7: One-way ANOVA analysis of the total phenolic content of oil palm plantlets. 
Day 0      
ANOVA Table SS df MS     
Treatment (between columns) 0.1911 2 0.09557     
Residual (within columns) 0.1508 9 0.01676     
Total 0.3420 11       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 -0.2108 3.256 No ns -0.4664 to 0.04486 
T1 vs T3 0.0905 1.398 No ns -0.1651 to 0.3461 
T2 vs T3 0.3013 4.654 Yes * 0.04564 to 0.5569 
Day 2      
ANOVA Table SS df MS     
Treatment (between columns) 0.05910 2 0.02955     
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Residual (within columns) 0.2914 9 0.03238     
Total 0.3506 11       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 -0.02975 0.3306 No ns -0.3851 to 0.3256 
T1 vs T3 0.1317 1.464 No ns -0.2236 to 0.4871 
T2 vs T3 0.1615 1.795 No ns -0.1938 to 0.5168 
Day 4      
ANOVA Table SS df MS     
Treatment (between columns) 4.031 2 2.015     
Residual (within columns) 0.5143 9 0.05714     
Total 4.545 11       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 -1.382 11.57 Yes *** -1.854 to -0.9103 
T1 vs T3 -0.9715 8.128 Yes *** -1.443 to -0.4995 
T2 vs T3 0.4108 3.437 No ns -0.06123 to 0.8827 
Day 6      
ANOVA Table SS df MS     
Treatment (between columns) 6.311 2 3.155     
Residual (within columns) 0.8279 9 0.09198     
Total 7.139 11       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 -1.313 8.660 Yes *** -1.912 to -0.7144 
T1 vs T3 -1.693 11.16 Yes *** -2.291 to -1.094 
T2 vs T3 -0.3792 2.501 No ns -0.9781 to 0.2196 
Day 8      
ANOVA Table SS df MS     
Treatment (between columns) 4.249 2 2.124     
Residual (within columns) 0.3985 6 0.06641     
Total 4.647 8       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 -1.630 10.96 Yes *** -2.276 to -0.9848 
T1 vs T3 -1.177 7.911 Yes ** -1.823 to -0.5314 
T2 vs T3 0.4533 3.047 No ns -0.1922 to 1.099 
 
C8: One-way ANOVA analysis of the quantity of GBLS DNA in infected oil palm 
plantlets. 
ANOVA Table SS df MS     
Treatment (between columns) 103.4 4 25.85     
Residual (within columns) 0.5225 15 0.03483     
Total 103.9 19       
            
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
0 vs 2 0.006534 0.07002 No ns -0.4010 to 0.4141 
0 vs 4 -0.007348 0.07874 No ns -0.4149 to 0.4002 
0 vs 6 -0.5386 5.772 Yes ** -0.9462 to -0.1311 
0 vs 8 -5.795 62.10 Yes *** -6.203 to -5.387 
2 vs 4 -0.01388 0.1488 No ns -0.4214 to 0.3936 
2 vs 6 -0.5452 5.842 Yes ** -0.9527 to -0.1376 
2 vs 8 -5.802 62.17 Yes *** -6.209 to -5.394 
4 vs 6 -0.5313 5.693 Yes ** -0.9388 to -0.1237 
4 vs 8 -5.788 62.02 Yes *** -6.195 to -5.380 
6 vs 8 -5.256 56.33 Yes *** -5.664 to -4.849 
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C9: One-way ANOVA analysis of the activity of phenylalanine ammonia lyase (PAL) 
enzyme in oil palm plantlets. 
Day 0      
ANOVA Table SS df MS     
Treatment (between columns) 0.004411 2 0.002205     
Residual (within columns) 0.001469 9 0.0001632     
Total 0.005879 11       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 -0.04694 7.349 Yes ** -0.07216 to -0.02171 
T1 vs T3 -0.02477 3.878 No ns -0.04999 to 0.0004534 
T2 vs T3 0.02217 3.471 No ns -0.003053 to 0.04739 
Day 2      
ANOVA Table SS df MS     
Treatment (between columns) 0.0008999 2 0.0004500     
Residual (within columns) 0.0004059 9 
4.510e-
005     
Total 0.001306 11       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 -0.01478 4.401 Yes * -0.02804 to -0.001517 
T1 vs T3 -0.02057 6.126 Yes ** -0.03383 to -0.007309 
T2 vs T3 -0.005792 1.725 No ns -0.01905 to 0.007468 
Day 4      
ANOVA Table SS df MS     
Treatment (between columns) 0.01822 2 0.009110     
Residual (within columns) 0.0005774 9 
6.416e-
005     
Total 0.01880 11       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 -0.02901 7.244 Yes ** -0.04483 to -0.01319 
T1 vs T3 -0.09325 23.28 Yes *** -0.1091 to -0.07744 
T2 vs T3 -0.06424 16.04 Yes *** -0.08006 to -0.04843 
Day 6      
ANOVA Table SS df MS     
Treatment (between columns) 0.0004743 2 0.0002372     
Residual (within columns) 0.001524 9 0.0001693     
Total 0.001998 11       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 0.004693 0.7213 No ns -0.02100 to 0.03039 
T1 vs T3 -0.01036 1.592 No ns -0.03605 to 0.01534 
T2 vs T3 -0.01505 2.313 No ns -0.04074 to 0.01064 
Day 8      
ANOVA Table SS df MS     
Treatment (between columns) 0.0003319 2 0.0001660     
Residual (within columns) 0.0006781 9 
7.534e-
005     
Total 0.001010 11       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 -0.004161 0.9588 No ns -0.02130 to 0.01298 
T1 vs T3 -0.01264 2.912 No ns -0.02978 to 0.004499 
T2 vs T3 -0.008478 1.953 No ns -0.02562 to 0.008660 
 
C10: One-way ANOVA analysis of the activity of cinnamate 4 hydroxylase (C4H) 
enzyme in oil palm plantlets. 
Day 0      
ANOVA Table SS df MS     
Treatment (between columns) 0.01093 2 0.005464     
Residual (within columns) 0.03030 12 0.002525     
Total 0.04123 14       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 -0.02454 1.092 No ns -0.1093 to 0.06025 
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T1 vs T3 -0.06544 2.912 No ns -0.1502 to 0.01935 
T2 vs T3 -0.04089 1.820 No ns -0.1257 to 0.04390 
Day 2      
ANOVA Table SS df MS     
Treatment (between columns) 0.1265 2 0.06325     
Residual (within columns) 0.03533 12 0.002944     
Total 0.1618 14       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 0.007756 0.3196 No ns -0.08380 to 0.09931 
T1 vs T3 -0.1908 7.863 Yes *** -0.2824 to -0.09925 
T2 vs T3 -0.1986 8.183 Yes *** -0.2901 to -0.1070 
Day 4      
ANOVA Table SS df MS     
Treatment (between columns) 0.001013 2 0.0005067     
Residual (within columns) 0.005528 12 0.0004607     
Total 0.006541 14       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 0.02013 2.097 No ns -0.01609 to 0.05634 
T1 vs T3 0.01044 1.087 No ns -0.02578 to 0.04665 
T2 vs T3 -0.009692 1.010 No ns -0.04591 to 0.02652 
Day 6      
ANOVA Table SS df MS     
Treatment (between columns) 0.01022 2 0.005108     
Residual (within columns) 0.01770 12 0.001475     
Total 0.02791 14       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 -0.06363 3.705 No ns -0.1284 to 0.001170 
T1 vs T3 -0.03717 2.164 No ns -0.1020 to 0.02763 
T2 vs T3 0.02646 1.541 No ns -0.03834 to 0.09125 
Day 8      
ANOVA Table SS df MS     
Treatment (between columns) 0.007424 2 0.003712     
Residual (within columns) 0.006354 12 0.0005295     
Total 0.01378 14       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 -0.009998 0.9716 No ns -0.04882 to 0.02883 
T1 vs T3 -0.05139 4.994 Yes * 
-0.09022 to -
0.01257 
T2 vs T3 -0.04139 4.022 Yes * 
-0.08022 to -
0.002567 
 
C11: One-way ANOVA analysis of the activity of caffeic acid O-methyltransferase 
(COMT) enzyme in oil palm plantlets. 
Day 0      
ANOVA Table SS df MS     
Treatment (between columns) 15.12 2 7.562     
Residual (within columns) 461.1 6 76.85     
Total 476.2 8       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 -2.904 0.5738 No ns -24.87 to 19.06 
T1 vs T3 -0.3407 0.06732 No ns -22.30 to 21.62 
T2 vs T3 2.564 0.5065 No ns -19.40 to 24.52 
Day 2      
ANOVA Table SS df MS     
Treatment (between columns) 8907 2 4453     
Residual (within columns) 2195 6 365.8     
Total 11101 8       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 6.458 0.5849 No ns -41.45 to 54.37 
T1 vs T3 -63.27 5.730 Yes * -111.2 to -15.36 
T2 vs T3 -69.73 6.315 Yes * -117.6 to -21.82 
Day 4      
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ANOVA Table SS df MS     
Treatment (between columns) 2518 2 1259     
Residual (within columns) 1339 6 223.2     
Total 3857 8       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 21.74 2.520 No ns -15.69 to 59.17 
T1 vs T3 40.94 4.746 Yes * 3.514 to 78.37 
T2 vs T3 19.20 2.226 No ns -18.22 to 56.63 
Day 6      
ANOVA Table SS df MS     
Treatment (between columns) 5207 2 2603     
Residual (within columns) 8187 6 1364     
Total 13393 8       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 19.14 0.8976 No ns -73.39 to 111.7 
T1 vs T3 -38.68 1.814 No ns -131.2 to 53.85 
T2 vs T3 -57.83 2.711 No ns -150.4 to 34.71 
Day 8      
ANOVA Table SS df MS     
Treatment (between columns) 26254 2 13127     
Residual (within columns) 21590 6 3598     
Total 47844 8       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 -131.6 3.799 No ns -281.8 to 18.70 
T1 vs T3 -77.78 2.246 No ns -228.1 to 72.50 
T2 vs T3 53.79 1.553 No ns -96.48 to 204.1 
 
C12: One-way ANOVA analysis of the activity of cinnamyl alcohol dehydrogenase 
(CAD) enzyme in oil palm plantlets. 
Day 0      
ANOVA Table SS df MS     
Treatment (between columns) 0.009524 2 0.004762     
Residual (within columns) 0.01721 9 0.001912     
Total 0.02673 11       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 0.03476 1.590 No ns -0.05158 to 0.1211 
T1 vs T3 0.06901 3.156 No ns -0.01734 to 0.1554 
T2 vs T3 0.03424 1.566 No ns -0.05210 to 0.1206 
Day 2      
ANOVA Table SS df MS     
Treatment (between columns) 0.0005354 2 0.0002677     
Residual (within columns) 0.003407 9 0.0003786     
Total 0.003942 11       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 0.01137 1.169 No ns -0.02705 to 0.04979 
T1 vs T3 0.01587 1.632 No ns -0.02255 to 0.05429 
T2 vs T3 0.004500 0.4626 No ns -0.03392 to 0.04292 
Day 4      
ANOVA Table SS df MS     
Treatment (between columns) 0.004269 2 0.002135     
Residual (within columns) 0.005116 9 0.0005684     
Total 0.009385 11       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 0.04603 3.862 No ns -0.001042 to 0.09311 
T1 vs T3 0.02643 2.217 No ns -0.02064 to 0.07351 
T2 vs T3 -0.01960 1.644 No ns -0.06668 to 0.02748 
Day 6      
ANOVA Table SS df MS     
Treatment (between columns) 0.002193 2 0.001096     
Residual (within columns) 0.002351 9 0.0002612     
Total 0.004543 11       
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Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 0.03047 3.771 No ns -0.001441 to 0.06238 
T1 vs T3 0.02646 3.274 No ns -0.005454 to 0.05837 
T2 vs T3 -0.004013 0.4966 No ns -0.03592 to 0.02790 
Day 8      
ANOVA Table SS df MS     
Treatment (between columns) 0.0008537 2 0.0004269     
Residual (within columns) 0.002591 9 0.0002879     
Total 0.003444 11       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 -0.005916 0.6974 No ns -0.03942 to 0.02758 
T1 vs T3 -0.02010 2.370 No ns -0.05360 to 0.01340 
T2 vs T3 -0.01419 1.672 No ns -0.04769 to 0.01932 
 
C13: One-way ANOVA analysis of the total lignin content in oil palm plantlets. 
Day 0      
ANOVA Table SS df MS     
Treatment (between columns) 126.2 2 63.11     
Residual (within columns) 120.8 6 20.13     
Total 247.0 8       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 7.918 3.057 No ns -3.321 to 19.16 
T1 vs T3 -0.05122 0.01977 No ns -11.29 to 11.19 
T2 vs T3 -7.970 3.077 No ns -19.21 to 3.270 
Day 2      
ANOVA Table SS df MS     
Treatment (between columns) 503.4 2 251.7     
Residual (within columns) 296.5 6 49.42     
Total 799.9 8       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 17.71 4.364 Yes * 0.1003 to 35.32 
T1 vs T3 12.91 3.181 No ns -4.699 to 30.52 
T2 vs T3 -4.799 1.182 No ns -22.41 to 12.81 
Day 4      
ANOVA Table SS df MS     
Treatment (between columns) 943.3 2 471.7     
Residual (within columns) 265.3 6 44.22     
Total 1209 8       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 8.635 2.249 No ns -8.023 to 25.29 
T1 vs T3 24.71 6.436 Yes ** 8.049 to 41.37 
T2 vs T3 16.07 4.186 No ns -0.5865 to 32.73 
Day 6      
ANOVA Table SS df MS     
Treatment (between columns) 69.72 2 34.86     
Residual (within columns) 179.5 6 29.91     
Total 249.2 8       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 -4.590 1.454 No ns -18.29 to 9.110 
T1 vs T3 2.070 0.6557 No ns -11.63 to 15.77 
T2 vs T3 6.661 2.110 No ns -7.039 to 20.36 
Day 8      
ANOVA Table SS df MS     
Treatment (between columns) 746.2 2 373.1     
Residual (within columns) 54.46 6 9.076     
Total 800.7 8       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 -3.719 2.138 No ns -11.27 to 3.828 
T1 vs T3 -20.91 12.02 Yes *** -28.45 to -13.36 
T2 vs T3 -17.19 9.881 Yes ** -24.73 to -9.639 
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C14: One-way ANOVA analysis of the content of syringaldehyde in oil palm 
plantlets. 
Day 0      
ANOVA Table SS df MS     
Treatment (between columns) 4946 2 2473     
Residual (within columns) 41912 24 1746     
Total 46857 26       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 15.59 1.119 No ns -33.61 to 64.79 
T1 vs T3 33.13 2.379 No ns -16.07 to 82.33 
T2 vs T3 17.54 1.259 No ns -31.66 to 66.74 
Day 2      
ANOVA Table SS df MS     
Treatment (between columns) 488.9 2 244.5     
Residual (within columns) 33143 24 1381     
Total 33632 26       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 9.865 0.7964 No ns -33.89 to 53.62 
T1 vs T3 2.018 0.1629 No ns -41.73 to 45.77 
T2 vs T3 -7.847 0.6335 No ns -51.60 to 35.90 
Day 4      
ANOVA Table SS df MS     
Treatment (between columns) 150321 2 75160     
Residual (within columns) 1.851e+006 24 77137     
Total 2.002e+006 26       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 -156.1 1.686 No ns -483.0 to 170.9 
T1 vs T3 4.357 0.04706 No ns -322.6 to 331.3 
T2 vs T3 160.4 1.733 No ns -166.6 to 487.4 
Day 6      
ANOVA Table SS df MS     
Treatment (between columns) 207440 2 103720     
Residual (within columns) 2.020e+006 24 84187     
Total 2.228e+006 26       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 -15.73 0.1626 No ns -357.3 to 325.9 
T1 vs T3 -193.3 1.999 No ns -534.9 to 148.3 
T2 vs T3 -177.6 1.836 No ns -519.2 to 164.0 
Day 8      
ANOVA Table SS df MS     
Treatment (between columns) 2322 2 1161     
Residual (within columns) 252066 24 10503     
Total 254388 26       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 2.823 0.08264 No ns -117.8 to 123.5 
T1 vs T3 -18.11 0.5301 No ns -138.8 to 102.5 
T2 vs T3 -20.93 0.6128 No ns -141.6 to 99.72 
 
C15: One-way ANOVA analysis of the content of vanillin in oil palm plantlets. 
Day 0      
ANOVA Table SS df MS     
Treatment (between columns) 817.0 2 408.5     
Residual (within columns) 6046 24 251.9     
Total 6863 26       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 12.01 2.271 No ns -6.672 to 30.70 
T1 vs T3 0.7246 0.1370 No ns -17.96 to 19.41 
T2 vs T3 -11.29 2.134 No ns -29.98 to 7.397 
Day 2      
ANOVA Table SS df MS     
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Treatment (between columns) 248.7 2 124.4     
Residual (within columns) 3724 24 155.2     
Total 3973 26       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 5.961 1.436 No ns -8.704 to 20.63 
T1 vs T3 -0.8673 0.2089 No ns -15.53 to 13.80 
T2 vs T3 -6.828 1.645 No ns -21.49 to 7.837 
Day 4      
ANOVA Table SS df MS     
Treatment (between columns) 33086 2 16543     
Residual (within columns) 118621 24 4943     
Total 151707 26       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 -24.16 1.031 No ns -106.9 to 58.61 
T1 vs T3 -83.33 3.556 Yes * -166.1 to -0.5606 
T2 vs T3 -59.17 2.525 No ns -141.9 to 23.60 
Day 6      
ANOVA Table SS df MS     
Treatment (between columns) 251017 2 125508     
Residual (within columns) 524464 24 21853     
Total 775481 26       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 7.484 0.1519 No ns -166.6 to 181.5 
T1 vs T3 -200.7 4.073 Yes * -374.7 to -26.65 
T2 vs T3 -208.2 4.225 Yes * -382.2 to -34.14 
Day 8      
ANOVA Table SS df MS     
Treatment (between columns) 150.2 2 75.10     
Residual (within columns) 3672 24 153.0     
Total 3822 26       
Tukey's Multiple Comparison Test Mean Diff. q P < 0.05? Summary 95% CI of diff 
T1 vs T2 4.992 1.211 No ns -9.570 to 19.56 
T1 vs T3 -0.02157 0.005231 No ns -14.58 to 14.54 
T2 vs T3 -5.014 1.216 No ns -19.58 to 9.549 
 
 
